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ABSTRACT 


A distinct synergism in the antitumor activities of 
6-mercaptopurine (6MP) and 6-(methylmercepto) purine ribo- 
nucleoside (Me6MPR) results when these drugs are employed 
together in treatment of the Ehrlich ascites carcinoma 
(EAC). When these two agents were administered separately 
in iow, nontoxic doses to EAC-bearing mice only minor 
therapeutic effects resulted. However, a potent thera- 
peutic effect was achieved when the same dosages of 6MP 
and Me6MPR were administered together, as indicated by 
"cure" rates of 50-60% in mice so treated. The conversion 
of Me6MPR to Me6MP was not involved in the synergism. The 
agents in combination were not effective against several 
thiopurine-resistant tumors. Because the latter were 
defective in their abilities to convert 6MP cr Me6MPR 
to nucleotides, the therapeutic result suggests that the 
formation of nucleotides from both agents is required for 
tie synerqistic inhibition of tumor cell proliferation. 

In experiemtns with the Ehrlich ascites carcinoma 
Mieviyo, the tormation of nucleotides from 6MP was stimu- 
lated several-fold by prior treatment with the 6MP-Me6MPR 
pair or by Me6MPR alone, at dosages comparable to those 
USegeim therapy. The stimulatory effect of a single dose 
of Me6MPR persisted up to 96 hours, evidently because 
Me6MPR 5'-phosphate (Me6MPRP) pcols in these celis turn 
over at a very low rate. Thus, in combination chemotherapy 
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the Me6MPR component appears to enhance the synthesis or 
nucleotide from themnoMP jpresent in succeeding dcses of the 
drug mixture. Me6MPR did not stimulate 6MP anaboiism in 
cells of the EAC-R2 subline, which are deficient in adenco- 
Sine kinase as would be expected if Me6éMPRP was responsibie 
for this effect. The Me6MPR-enhanced anabolism of 6MP was 
not due to an increase in the concentration or activity of 
hypoxanthine-guanine phosphoribosyltransferase responsible 
for 6MP ribonucleotide synthesis and also did not stem from 
a reduced breakdown of 6MP-derived ribonucleotides. 

Phosphoribosylpyrophosphate (PRPP) concentrations were 
10-25 times higher in EAC cells following Me6MPR treatment. 
This finding, plus the known inhibition of glutamine-PRPP 
amidotransferase, indicates that Me6MPR may divert PRPP away 
froma purine nucleotide; synthesisrde novonintoitheisynthesis 
of 6MP ribonucleotide. 

The observed stimulation of 6MP ribonucleotide formation 
appears to be a plausible explanation of the therapeutic 
synergism. However, the exact loci within the cell which 
eee at iCal iyrinvolved in the*cytotoxic effects by the 6MPp- 
Me6MPR pair, individually or together, are still unknown. 
The combined effects of both agents on glutamine-PRPP amido- 
transferase indicate that drug targets other than the 


amidotransferase must be involved in the synergism. 
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I. INTRODUCTION 


A. Combination Chemotherapy 

In the development of an effective chemotherapy of 
cancer, an important line of effort is represented by 
attempts to increase the activity of known drugs through 
improvements in the method of application. While varia- 
tions in dosage levels and treatment schedules are rather 
obvious means to this end, combination chemotherapy appears 
to have a much larger potential value as a means of extend- 
ing the usefulness of our present antitumor drugs, because 
particular durg combinations show "greater than additive" 
effects. Drug combinations have been used with very 
encouraging results in the treatment of human leukemias. 
Treatment of acute leukemia in children with the "VAMP" 
combination (vincristine, amethopterin, 6-mercaptopurine, 
and prednisone) has induced a high proportion of complete 
remissions of very substantial duration (in one study the 
median time to relapse was 150 days (1)); the same combina- 
tion treatment has also been used in the treatment of adult 
acute myelogenous leukemia, with a resulting remission rate 
mrs O08 C2) 5 

A number of studies with experimental tumors have 
shown clearly that distinct therapeutic advantage results 
from the use of certain drugs in combination; these experi- 
ments with laboratory animals have provided a quantitative 
demonstration of potentiation of therapeutic effects, which 
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is not really possible in clinical testing. That the tumor 
inhibition achieved by one drug may be potentiated by the 
presence of a second drug is recta in the following 
examples. A treatment schedule with 6-chloropurine, which 
was without effect against either the Ehrlich ascites car- 
Cinoma (EAC) or Sarcoma 180, markedly enhanced the antitumor 
activity of azaserine when the two drugs were used together 
against these tumors (3). Similarly, 1-H-pyrazolo[3,4-d] - 
Pe eT EES was inactive against Adenocarcinoma 755, 
yet when used in combination with either 6-(methylmercapto)- 
purine (Me6MP), 6-(propylmercapto) purine, or 6-chloropurine, 
HPP increased the antitumor effect of the latter (4). After 
treatment of EAC-bearing mice with combinations of azaserine 
and 6-thioguanine (6TG), with each at dosages that produced 
only minor therapeutic effects when employed separately, a 
high proportion of the animals became long-term survivors, 
that is, they were apparently "cured" (5). 

Such potentiation? represents a highly valuable ampli- 
Ricata.on or GOrug ertect. Only particular durg combinations 
show such "greater than additive" effects. 

The therapeutically potentiating drug pair, 6-mercapto- 


purine and 6-(methylmercapto) purine ribonucleoside (Me6MPR) 


: The term "potentiation" is used in this thesis interchange- 


ably with "synergism" with the meaning that the inhibition of 
tumor cell proliferation which results from the concurrent 
administration of two drugs, is greater than the sum of the 


effects of each drug given separately. 
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Woo iempelioroaleconcern iOf this study. Our initial finding 
that the combination of these agents resulted in a distinct 
potentiation of their inhibitory effects toward the Ehriich 
ascites carcinoma ie volar nveen. reported (6)... This 
thesis will describe experiments with these and related 
drugs which demonstrate the pctentiaticon and which also 
bear on its biochemical mechanism. A major objective cf 
this study was to expiain in bicchemical terms this enhance- 
ment of therapeutic effect; experiments on the metabolism 
of these drugs in Ehrlich ascites tumor cells showed that 
Me6MPR enhanced the synthesis of 6OMP ribonucleotide, the 
Wactive form" of 6MP. 

Therapeutic potentiation with this drug combination 
was also demonstrated independently by Schabel et al. (7) 
in experiments with mouse leukemia L1210 in vivo. Paterson 
and Moriwaki (8) have shown recently that the 6MP-Me6MPR 
pair potentiate in inhibiting the proliferation of lymphoma 
Ro SYeCem sscicher ii vivo or, in culture. Use of this ‘drug 
Pace ieee roarmcent Or humen acute leukemia by Bodey et al. 
(9) has yielded promising resuits; however, these trials 


were not intended to demonstrate therapeutic potentiation. 


B. Bicchemical.Properties of 6-Mercaptopurine and 
6-(Methylmercapto) purine Ribonucleoside 
The metabolism, biochemical effects, and possible 
mechanisms of action of 6MP and Me6MPR are reviewed belcw 
in order to permit consideration of the biochemical 


mechanism of 6MP-Me6MPR synergism. 


1. 6-Mercaptopurine (6MP) 

The synthesis of this compound was reported by Elion 
Some lope ite soe sand the following year Clarke et al. 
(11) described the antitumor activity of 6MP against Sarcoma 
180. Since then, 6MP has been tested against many neoplasms; 
foea surveymou the t1teracure to 1963, Hirschberg (12) 
stated that 6MP was active against 75 of 120 tumors tested. 

6MP has a very important place in the chemotherapy of 
human neoplastic disease, both in the historical sense (13) 
end inmocucrentliclinicaleprectice’ (14)... ..6MP-is currently 
used in the treatment of acute lymphocytic leukemia, chronic 
leukemia (14), and as one component of the "VAMP" combina- 
tion ({l) in the treatment of acute leukemia in children (1) 
ang adultes (2) ; 

The ability to suppress the immune response is another 
highly valuable property of 6MP; today, 6MP and its deriva- 
five, Imuran-, are widely used to suppress homograft rejec- 
Sion, (4) 

Because Of clinical usefulness, the biochemical pro- 
perties of 6MP have been extensively studied, 

a) 5 Ca babolism 

As shown in Figure 1, there are two established cata- 
bolic pathways for 6MP. In the first pathway, 6MP is 
oxidized by xanthine oxidase to 6-mercaptopurine-8-o0l (6MP- 
8-OH) and 6-mercaptopurine-2,8-diol (6MP-2,8-diOH); this 


occurs in microbes (15), animals (16-18), and man (19). In 


Z 6-[ (1-Methyl1-4-nitro-5-imidazolyl) thio] purine 
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FIGURE 1 


Catabolism of 6-mercaptopurine 


Hypoxanthine > Xanthine————- Uric acid 
t 
| 
Jet a 2 Sulfate + 
GMP RAS eee ‘ pease va ——> OLNEr 
OH diOH 
products 
Sulfate + 
¥ __, Me6MP- Me6MP~2 , 8- 
other Me6MP ~ 9_on adioHu 
products 
6-(Methylsulfinyl) - Me6MP-8-OH 
purine-8-OH glucuronide 


* Not conclusively demonstrated. 
** The structural formulae of 6MP and its metabolites are 


as follows: 


When R = OH, hypoxanthine 


R 
aa N SH, 6-mercaptopurine (6MP) 
) \ 
Se SN SCH., 6-(methylmercapto) purine (Me6MP) 
H 
‘ When R = SH, 6-mercaptopurine-8-o0l (6MP-8-OH) 
oh SCH,, 6-(methylmercapto) purine-8-ol 
No ON, 3 
) | on (Me 6MP-8-OH) 
Been ccd Gh 
N H SOCH,, 6-(methylsulfiny1l) purine-8-ol 
When R = OH, uric acid 
R 
BPE SH, 6-mercaptopurine-2,8-diol 
| 0H (6MP-2, 8-diOH) 
HO Sy TN : 
H SCH3, 6-(methylmercapto) purine-2,8- 


diol (Me6MP--2,8--diOH) 


an ae 


mice and rats, 6MP-2,8-di0H may be further catabolized with 
the release of sulfate (17,20), or methylated to form 6- 
(methylmercapto) purine-2,8-diol (Me6MP-2,8-diOH) (18,20). 
Uricase is involved in the degradation of 6MP-2,8-diOH to 
sulfate (21); this process evidently does not acdanent man, 
who lacks this enzyme (22). Further to this point, the xan- 
thine oxidase inhibitor, HPP, blocks the formation of 6MP- 
2,8-diOH in man without affecting sulfate formation from 6MP 
(23); thus, the degradation of 6MP to sulfate in man occurs 
by a route other than the xanthine oxidase-uricase pathway 
(see below). 

In the other catabolic pathway, 6MP is methylated to 
form 6-(methylmercapto) purine (Me6MP) which can then be 
degraded to yield sulfate, or oxidized by xanthine oxidase 
EO LOrm 6-(methylmercapto) purine-8-ol (Me6MP-8-OH) and Me6MP- 
2,8-diOH. Catabolism by this pathway takes place in the 
mouse, the rat, and apparently in man (17-20, 23,24). 6- 
(Methylsulfinyl) purine-8-ol and Me6MP-8-OH glucuronide have 


been found in human urine as metabolites of 6MP (23). 


It has been demonstrated that the purine ring of 6MP 
may be incorporated into Be alana a adenine and guanine 
in Streptococcus faecalis (25), Bacillus. cereus: (15) and 
1 ee 7550(26) . Evidently ,..the, 6MP molecule as 
dethiolated at some stage to form hypoxanthine, but this 
does not necessarily occur at the free base level. In this 
context, it may be noted that 6MP was also incorporated 
into nucleic acid adenine and guanine in Escherichia coli, 


but dethiolation occurred only after 6MP had been conver- 
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ted to 6MPR 5'-monophosphate (6-thioinosinate, 6MPRP) (27). 

b) Anabolism 

Figure 2 summarizes the anabolism of 6-mercaptopurine, 

Purine nuciecside phosphorylase is 4 widely distributed 
enzyme (28) which forms both 6MP ribonucleoside (6-thio- 
inosine, 6MPR) and 6MP deoxyribonucleoside (29-32); the 
latter is also a product of the bacterial deoxyribosyl- 
transferase reaction (33). 

A kinase activity by which the 5'-monophosphate of 
“6MPR is formed has been detected in Ehrlich ascites tumor 
Bee? and ina thioguanine-resistant Subline EGR iL (34): 
inosine kinase is apparently the enzyme respcnsible. The 
sulfhydryl group of 6MPR may be methylated by a methyl- 
transferase to form Bere imaroantaidinine ribonucleoside 
(ME6MPR\(35,36,52);the latter is a substrate for adenserne 
kinase (37,38,39). Formation of the 5'-monophosphate deriv- 
ative of Me6MPR has been shown in EAC in ViVO 026), Hep. 
NG. 2eimeculthre (37,40) and in yeast cells (37) . 

6MPRP can also be formed directly from 6MP and PRPP 
(41-45). It has been shown that partly-purified prepara- 
tions of the hypoxanthine-guanine phosphoribosyltransferase 
which are devoid of adenine phosphoribosyltransferase 
acitivty, accept 6MP as a substrate to form 6MPRP (41,43). 
Further, thiopurine-resistant cells which lack hypoxanthine- 
guanine phosphoribosyltransterase have been shown incapable 
of converting 6MP tc 6MPRP (44,46,47). For these reasons, 


the hypexanthine-guanine enzyme is believed to be respon- 
2S Ju oa lls earl ie 


§ ie C. ‘Caldwell, unpublished results. 
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FIGURE 2 


Anabolism of 6-mercaptopurine 


RNA and DNA i 
NAD 
A | analogue 
A 
: 6MPR 
Oa nae tase triphosphate 
K 
i le. | a 
| 
ahd 6MPR 
i 6-Thioxanthylate _ diphosphate 
a 
>» a 
Inosinate~< —_—-_—- 6MP RP=—___________» Me 6MPRP 
HK A ne 
6MPdR 6MPR> -——»> Me6MPR 


Inosine 


\ OA 


Hypoxanthine ~«—-— ——-—~——-~-— 


* Not conclusively demonstrated. 


? Abbreviations: R, ribosyl; dR, deoxyribosyl; RP, 
ribosyl 5'-monophosphate. 


Demonstrated with a spectrophotometric method (53), but 
the diphosphate product was not actually isolated. 


$ Not yet demonstrated. 


© Inferred because 6MP was incorperated inte DNA as 6- 


thioguanine. 


sible for the PREP Adependent formation of 6MPRP. 

It has been shown that the inosinate dehydrogenase 
of Aerobacter aerogenes will accept 6-thioinosinate as a 
substrate to form 6-thioxanthylate (6TXMP) (48); Atkinson 
et al. (49) have demonstrated that in Ehrlich ascites tumor 
cells 6TXMP is a late metabolite of 6MP, and is apparently 
formed from 6-thioinosinate. Me6MPR 5'-monophosphate 
(Me6MPRP) has been found as a matabolite of 6MP in cells 
of the Ehrlich ascites carcinoma (50), Adenocarcinoma 755, 
mouse leukemia L1210, and H.Ep. No, 2 (35,51); temporal 
relationships suggest that 6-thioinosinate is the immediate 
precursor of Me6MPRP. Remy (36,52) has shown that both 
6-thioinosine and 6-thioinosinate are substrates for a 
methyltransferase activity in animal tissues. In addition, 
6-thioinosinate is converted to a number of uncharacterized 
nucleotides in Ehrlich Aires tumor g&iitic 24 In E. coli, 
6-thicinosinate was dethiolated to inosinate (27). 

In Adenocarcinoma 755, 6MP was incorporated into DNA 
as thioguanine (26), indicating that thioguanine ribo- 
and deoxyribonucleotides were intermediate metabolites in 
this process; however, these analogue nucleotides have not 
yet been demonstrated in 6MP-treated cells. 

6MPRP is apparently a substrate for purine nucleoside 
monophosphate kinase; Way et al. (53) have concluded that 
phosphorylation of 6MPRP was catalysed by a partiy purified 
kinase from pork kidney. However, it may be noted that 
this conclusion was based on ATP consumption data; 6MP- 


containing products were not isolated in this experiments. 
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Di- and fPisnospnated of 6MPR have not been found in the 
acid-soluble fraction of 6MP-treated EAC (54), nor in 
ethanol extracts of 6MP-treated L1210 cells (44). Indeed, 
to date the isolation of the enzymatically synthesized 6MPR 
PeepOL uct puCcsepiace Nac not Deen reported. “Atkinsonét” al. 
(55) have shown that chemically synthesized 6MPR triphosphate 
is incorporated into an NAD analogue. 

The possibility of 6MP incorporation into polynucleo- 
tide is important in the consideration of action mechanisms; 
however, this has been difficult to assess because 6MP 
metabolites are known to be incorporated and 6MP can bind 
non-enzymatically to polynucleotides. It has been reported 
that radioactivity From oMpes bf emp-g-4c was incorporated 
into the nucleic acid fraction of mouse tissues, both 
normal and neoplastic (16,56). However, nucleates isolated 
from B. cereus or P388 murine lymphocytic leukemia cells 
that had been incubated with bees or 3858) SpaT184 6MP, 
contained the isotopic label, but did not contain 6MP 
Reese rep) 6 Lie 126_iabel in B. céreus nucléates was 
associated with adenine and guanine while Pg in nucleate 
preparations from the leukemia cells possibly came from 


35¢/1abelled protein. At this point, it is 


contaminating 
worth mentioning that incorporation of intact 6MP molecules 
into the polynucleotide structure would require the bio- 
synthesis of thioinosine polyphosphates, according to our 
present understanding of polynucleotide synthesis. However, 


this has not yet been conclusively demonstrated, as noted 


above. It has been clearly shown that 6MP can bind non- 
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enzymatically to yeast RNA, evidently by a metal bridge 
bond (58); at least part of the isotopic label from 6MP- 
Jaks associated with RNA isolated from mouse and rat livers 
may be attributable to nonenzymatic binding involving metal 
complexes (59). Because of this nonenzymatic binding, a 
valid demonstration of 6MP incorporation requires evidence 
that the analogue was actually incorporated into the poly- 
nucleotide chain. Such evidence was obtained by Scanell 
atte Hitchings (26) in experiments in which mice bearing 
6MP-resistant Adenocarcinoma 755 were injected with 6MP- 


314 


C; when DNA of the tumor was isolated and treated 
anemone with pancreatic deoxyribonuclease and snake 
venom, radioactivity was found to be mainly associated with 
thioguanine deoxyribonucleoside indicating that a 6MP metab- 
olite had been incorporated into DNA in nucleotide linkage. 

c) Metabolic effects 

The principal metabolites of 6MP are thioinosinate 
and its methyl derivative, and thioxanthylate. However, as 
noted above, a number of other derivatives are also formed; 
hence, it should not be unexpected that 6MP produces a 
complex of biochemical effects. 

Effects on nucleotide and nucleic synthesis: In early 
attempts to identify the metabolic effects of 6MP, it was 
recognized that 6MP inhibited the incorporation of de novo 
purine precursors, such as glycine, into nucleic acid 
purines of mouse tumors (60,61); the incorporation of pre- 
formed bases was also inhibited (60). These effects, which 


were detected at the nucleic acid level, are undoubtedly a 
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reflection of primary effects now known to occur at the 

level of nucleotide metabolism. A number of enzymes involved 
in the synthesis and interconversion of purine ribonucleo- 
tides have been shown to be inhibited by 6MP or its metab- 
olites; Figure 3 summarizes these facts. 

It may be noted in Figure 3 that nucleotide metabolites 
of 6MP inhibit enzymatic steps leading to AMP and GMP. The 
Piesweouey OL LM? synthesis dé novo is inhibited by Me6MPRP 
and 6MPRP; the latter inhibits both steps in the conversion 
of IMP to AMP and, as well, the formation of XMP. These 
inhibitions have been detected and studied in enzymatic 
experiments; however, their relevance to the growth inhibi- 
tory effects of 6MP in living cells is a matter of great 
uncertainty (see section qd). 

Two points about Figure 3 should also be noted: 

(i) although the polymerization of ADP (reaction k) and 

the Seer OMe eo (reacts on m) were ianhibitedvin vitro 
by 6MPR di- and triphosphate, respectively, the in vivo 
formation of the latter nucleotides is questionable, (11) 
even though the glutamine-PRPP amidotransferases (reaction 
a) from pigeon liver (62) and Adenocarcinoma so were 
inhibited by 6MPRP, the partly purified amidotransferase 


from EAC cells was not inhibited by 6MPRP>. 


% L. L. Bennett, Jr., personal communication. 


: M. R. Atkinson, personal communication. 
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FIGURE 3 


Inhibition in nucleotide metabolism exerted by 6-mercapto- 


purine and its metabolites 
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FIG. (Continued) 
Reaction Enzyme Inhibitor 
a Glutamine-PRPP amidotrans- 6MPRP, Me6MPRP“'> 
ferase (62) 
b Formate-activating enzyme 6MP, 6MPRP (64) 
c Hypoxanthine-guanine phos- 6MP, 6MPRP (43, 
phoribosyltransferase 65,66) 
d Purine nucleoside phospho- 6MP, 6MPR (67,68) 
rylase 
e Inosine kinase 6MPR (69) 
a Adenosine kinase Me6MPR (37) 
IMP dehyrogenase 6MPRP (48,71,72) 
GMP reductase 6MPRP (73) 
i Adenylosuccinate synthetase 6MPRP 674597576) 
k Polynucleotide phosphoryl- 6MPR diphosphate 
ase (78) 
m 6MPR triphosphate 


Nicotinamide adenylyltrans- 
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Ouhew etieots 2 Ff Antibody »pformation), (14); 7;,bacterial 
flagella formation (80), and the induction of a number of 
enzymes (81-83) are blocked by 6MP; Elion (84) has discussed 
possible mechanisms by which 6MP may block the synthesis of 
protein and has suggested messenger RNA or ribosomal RNA as 
a possible target of O6MP. 

Lipogenesis in embryo skin fibroblasts is inhibited by 
6MP (85), as are a number of acetate-utilizing reactions in 
other systems (86-88). It has been suggested that interfer- 
ence with the synthesis or peed ae of coenzyme A might be 
responsible for such 6MP effects (85-89); however, in B. 
cereus neither the content of coenzyme A, nor the utiliza- 
tion of acetate was affected by 6MP (90). 

There are many reports concerning the effect of 6MP on 
carbohydrate metabolism (91-95), but the mechanism of this 
effect has not been investigated in depth. Presumably, 6MP 
could produce such an effect by inhibiting the synthesis of 
purine-containing coenzymes involved in carbohydrate metab- 
olism. 

In addition, it has been reported that 6MP inhibits 
xanthine oxidase (96), catalase (97), the N-methylation of 
nicotinamide (98), and the incorporation of diaminopimelic 
acid into bacterial cell walls (80). 

d) Mechanism of action 

The mechanism of the growth inhibitory effects of 6MP 
cannot yet be attributed to interference at any particular 
enzymatic loci. However, it is generally accepted that the 
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- @f - a 


{atistoad (BE) roitsmio? ybhodti aa 


we 

to 15dmva s to nottovbat ont bas hOB) notaeiesed b abioneld “oe 
boeevoath esd (BS) mOLIS ;(9M8. vd. bexbeld ese (es-ES) soeeane : 
to elasdtaye ont aAoold- yen IMe doidw ye smeinsttoom eidkeeoq: 
as AYA Lamoeodii ro AMA tepaseeom bosesppue: aaa bas aematcin 


usa to FSpted oidkanod, a 


H—- 


yet Bes idfdac 2i ate {doxde2 nite Oyeeans i elesnspegid 
mr dunt soars ptisifitu-etsdsos to isdagn 5s sis-ep , (ES) See 
~tetusinit jtsds Hsteseppue ased esd SI. (e8—ae) emssaye xedto 

sd thipim A smysagoo +0 noktons3 10 sieodsuye eit dtiw sone 


-& ot ,tevewed ;{@8-¢c8) esostie W438 dowe so? sidianogiex 


.(0@) GMO yd Astostis esw etsdeos Bo nels - 
no Md to tosis oft paintsono> etuiogse yasm sis sieaT 
eing I6-méiasdoem oct stud ,(ce-1¢) metlodasem, sieabyiedtas 
M3 ,yikisqwesta .dsqeh ai beispisesvai ased ton ead JantIe 
2antnye ef pnictidisint yd Josiie as dove, souhertg Biuoo- 
-dstom oecsrbydodaso at bavioyni gemyscoos priaissnes-salzeg - 

ay as a a 
-meito 


tiditrint GM3 ted¢ bettoge: ceed asd ti ,necstbee wt) 


mu 


to notislydsem=K eft , (Ve) sesisdso , (90) Ssesbexo @aiatnes 


Silomigouimsih to nokssteguoont sds: bas -, (88) sbiematsonka < 
a 


» (08). efisw Lfs9 lstistosd otmt sion, regis 
aotios 20 m2 inertoem ® . 


IM3 to ejostie yiotididai divoxp 943 20 meinsdoom ae 


1) 


ie By ee 


Yslupisisa yos ts Sonsis} 293 0L ot betudixdys nen 
<. Skt tBHS fodqaons. wiisaesse at ti ,2SvswoR — 
“atid ak asta Sal ulate om hes czantsoniotds ® 


A es 


the manifestation of the inhibition. This idea derived from 
a number of instances in which cell lines that were selected 
for resistance to 6MP were found to have impaired ability to 
form the analogue nucleotide (99,100). Although thioinosin- 
ate has been called the "active form" of 6MP, it should be 
recognized that other metabolites of thioinosinate may also 
be responsible for, or contribute to, growth inhibitory 
effects. 

Attempts have been made to evaluate the contribution of 
particular, 6MP-derived enzymatic inhibitions to the growth 
inhibitory effects of 6MP and several workers have suggested 
"loci of action" for 6MP; these are discussed below. 

wires OL NUCleorice metabolism: On the basis of 
estimates of intracellular concentrations of enzymatic sub- 
ger Ress and of 6MP or its ribonucleotide under chemothera- 
peutic conditions, Elion (84) has concluded that the reac- 
tions catalysed by adenylosuccinate synthetase, inosinate 
dehydrogenase, and glutamine-PRPP amidotransferase were the 
most vulnerable of those known to be impaired by 6MP. 
However, in assessing the critical metabolic effects of 
6MP in individual cell systems, several investigators have 
perceived different "loci of action"; these may well be 
Characteristics of the particular cells studied. 

Hakala and Nichol (101) found in their initial studies 
that inhibition by 6MP of cultured HeLa and Sarcoma 180 
cells could be reversed by adenine, hypoxanthine, and their 
nucleosides and nucleotides; however, reversal by adenine 


compounds was independent of the molar ratio of inhibitor 
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to reversing agent, whereas reversal by hypoxanthine com- 
pounds was dependent upon this relationship. These observa- 
tions were interpreted to mean that interference with the 
formation of adenosine phosphates from IMP was responsible 
for the growth inhibitory action of 6MP. 

A different site of action was indicated in work by 
Carey and Mandel (90), who observed that adenine and hypo- 
xanthine competitively reversed the inhibition of B. cereus 
growth caused by 6MP, while guanine reversed this in a non- 
competitive manner; this result suggested that inhibition of 
the conversion of inosSinate to guanylate is more important 
for the growth inhibitory effect of 6MP than is the conver- 
sion of inosinate to adenylate. 

It is evident in the foregoing examples that known loci 
of sensitivity to 6MP differ in importance from one cell 
type to another; this consideration also applies to the fol- 
lowing discussion of the significance of the inhibition of 
glutamine-PRPP amidotransferase in the action mechanism of 
6MP., 

Bennett)et,al. (102).found,that in EAC, L1210. and 
Sarcoma 180 cells, glutamine-PRPP amidotransferase was much 
more sensitive to 6MP than the enzymes involved in purine 
nucleotide interconversions. Subsequently, Hakala and 
Nichol (103) found in their further studies on the inhibi- 
tion of growth of cultured Sarcoma 180 and HeLa cells by 
6MP that blockade of glutamine-PRPP amidotransferase was 
of primary importance for the growth inhibitory effects of 


6MP. However, LePage and Jones (5) found a lack of correla- 
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tion between inhibition of the amidotransferase and the 
growth inhibition caused by thiopurines: the Mecca lymphoma 
is intrinsically resistant to 6MP, yet the glutamine~PRPP 
amidotransferase activity of Mecca cells was inhibited by 
6MP to a greater extent than were the amidotransferase 
activities of EAC and Adenocarcinoma 755, both of which are 
very sensitive to 6MP. 

een eerie e Weel Une rrunct lon or “nucletcractds inter— 
ference with the synthesis and function of nucleic acid, as 
Phat tdgueate of incorporation of 6MP, has been postulated 
as -a mechanism of .action: of-6MP? (19). Although incorpora- 
tion of the —6MP molecule per'se into polynucleotides has’ not 
yet been conclusively demonstrated, it has been shown that 
6MP is incorporated into DNA as 6-thioguanine. As noted 
previously, the synthesis of some specific proteins, notably 
the induction of certain enzymes, is blocked by 6MP; such an 
effect suggests either the function or synthesis of RNA was 
interfered by the drug, because it is well known that various 
species of RNA are involved in the complex process of 
protein synthesis. “Incorporation of 6MP or its metabolites 
is perhaps the most obvious way to impair RNA function or 
synthesis, however, attachment of the thiopurine to nucleates 
might have such an effect. 

Preceding sections have discussed the effects of 6OMP 
on the intermediary metabolism of nucleotides; intuitively, 
one might expect these to be manifested as "acute" effects 
on thebpeolzieratisnioficelis +sAcdifferent-type.of- effect 


has been noticed in experiments with cultured cells; 
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reductions in proliferation rates appear several generations 
after exposure to 6MP and are reminiscent of the effects of 
bromodeoxyuridine incorporation into DNA (104). Such delays 
might reflect the time required for expression of damage or 
faults introduced into DNA in the presence of 6MP. 

Tomizawa and Aronow (105) observed that upon brief 
exposure to low concentration of 6MP (about 107°), mouse 
fibroblasts in culture multiplied for several days and then 
a decline in cell numbers took place. It was postulated 
that the delayed toxiceffect might be caused by the incor- 
poration.of.6MP) into, DNA... Delayed.toxic effects,.have also 
been seen with Sarcoma 180 cells in vivo (11), and with 
15178yY.dymphoma.(8) and HeLa cells, (106),in culture.,,It A 
of interest to note that the growth curve of HeLa cells 
which had been exposed to 6MP briefly was similar to that 
of irradiated HeLa cells (106). 

In the experiments of Tomizawa and Aronow (105), the 
growth of mouse fibroblasts was inhibited without delay at 
high 6MP concentrations (about 107°), suggesting that acute 
drug.effects in addition to,the presumed. effects,atythe,poly- 
nucleotide level may be involved. It is likely that growth 
inhibition by 6MP involves interference with nucleic acid 
functionstogether with various metabolic effects; effects at 
both levels could very well be promoted by enhancement of 
6MP anabolism. The latter idea will be developed subse- 
quently in this work. 

Interference with synthesis and function of coenzymes: 


The suggestion of Atkinson et al. (107) that 6MP might 
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interfere with growth of cells through inhibition of NAD 
synthesis, was based on the facts that (i) 6-thioinosine 
triphosphate inhibited nicotinamide adenylyltransferase 
isolated from pig liver nuclei, (ii) in a number of tumors 
the activity of the adenyltransferase, as well as the NAD 
content per nucleus, is considerably less than that in normal 
tissues, and (iii) symptoms similar to those of nicotinamide 
deficiency develop sometimes in. humans who have received 
prolonged treatment with 6MP. However, Elion (84) has 
pointed out that inhibition of this enzyme is not likely to 
occur because the cellular concentration of ATP would be 
much higher than 6-thioinosine triphosphate, even if 

the latter compound did form in 6MP-treated cells. In addi- 
tion, Carey and Mandel (90) have shown that 6MP hindered the 
growth of B. cereus without affecting NAD synthesis. 

Biesele (108) found that 6MP decreased the incidence of 
mitosis and increased the number of degenerating nuclei in 
cultured Sarcoma 180 and mouse fibroblasts. Of the purine 
derivatives tested to reverse this effect, the most effective 
was coenzyme A. However, in B. cereus neither the synthesis 
of coenzyme A, nor its function, as judged by acetate utili- 
zation, were affected by 6MP concentrations that inhibited 
growth (90). 

Thus, loci of action for 6MP which are important in one 
cell type are less important in other cell types, anda 
mechanism for the cytotoxic action of 6MP in any cell type 
still remains to be discovered. Perhaps this should be no 


wonder because 6MP inhibits many enzymes, and the survival 
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value, as well as the sensitivity to 6MP, cf each of these 
enzymes likely varies from one cell type to another, being 
influenced byfactors such as intracellular concentrations of 
substrate, inhibitor, and enzyme. 


be 6-(Methylmercapto) purine ribonucleoside (Me6MPR) 


The antitumor activity of this derivative of 6MP has 
been demonstrated against Sarcoma 180, Adenocarcinoma 755, 
mouse leukemia L1210 (109), and Ehrlich ascites carcinoma 
(6,99). This compound was active against a 6MP~-resistant 
line of mouse leukemia L1210 (40); however, in clinical 
trials against 6MP-resistant acute myelocytic and lympho- 
cytic leukemias this drug was not effective (110). 

a) Metabolism 

Me6MPR is converted to the 5'-phosphate by neoplastic 
cells and by mouse and human tissues, apparently by adeno- 
sine kinase (37,39,40). The 5'-phosphate is the principal 
metabolite of Me6MPR in Ehrlich ascites tumor cells (38); 
it is noteworthy that the di- and triphosphate derivatives 
have not been found in cells which contain substantial con- 
centrations of Me6MPR 5'-phosphate (38,40). The data of 
Patenson (29), Caldwelirétvals4 (38), and) Bénnett etsaly- (40) 
indicate that Me6MPR is not subject to phosphorolytic 
cleavage, although Krenitsky et al. (68) have shown that 
this.does take place at a low rate in human erythrocytes. 

b) Metabolic effects 

Me6MPR was reported to inhibit nucleoside metabolism 
in intact cells (111); in this respect, Me6MPR is acting as 


the simplest member of a family of compounds (6-(alkyl- 
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mercapto) purine Peonval eat des) which inhibit the transport 
of nucleosidesacross cell membranes (112). Nucleoside 
transport is a "carrier"-mediated process (113-115), the 
most potent known member of the inhibitor family, p-nitro- 
benzylthioguanosine, appears to interact irreversibly with 
the membrane A Sees Me6MPR has little or no effect 
on the purine nucleoside phosphorylase reaction (68, 
biltt2). The-ability off Me6MPR to interfere with nucleo- 
side transport is not related to its antitumor activity, 
Wucgend, som the fact that, this.effect is mainifested” in 
Me6MPR-resistant and sensitive cells alike. / 

Early studies by Henderson (116) showed that Me6MPR 
blocked the azaserine-induced accumulation of FGAR in 
Ehrlich ascites tumor cells in vitro, suggesting that an 
enzymatic step prior to the formation of FGAR in purine 
synthesis de novo was inhibited. This observation has been 
Contimmea with the cells of Ehrlich: ascites carcinoma, (63, 
79, levcempa G1210, andy H.Ep.No.2 (40). -The, in, vivo incor 
poration of glycine, a purine precursor, into acid~soluble 
adenine compounds of various mouse tissues is also inhibited 
by Me6MPR (117). Henderson and Khoo (79) showed that gluta- 
mine-PRPP amidotransferase in Ehrlich ascites tumor cells in 
vitro was inhibited by Me6oMPR; che real inhibitor,is .~appar— 
ently Me6MPR phosphate because in cells unable to phosphoryl- 


ate Me6MPR, purine synthesis de novo is not inhibited by 


< J.M. Oliver, Master of Science thesis, The University of 


Alberta (1968). 


1 ReR.P. Paterson and A.1. Simpson; unpublished results. 
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the drug (63). It has been demonstrated that Me6MPR phos- 
phate is a potent inhibitor of partly purified glutamine- 
PRPP amidotransferases from Adenocarcinoma 7554 and the 
Ehrlich ascites en Per agate» Thus, Me6MPR phosphate, like 
certain other analogue nucleotides, acts as a "pseudofeed- 
back inhibitor" (62) on the amidotransferase, the first 
enzyme in the purine de novo synthetic pathway. 

c) Mechanism of action 

Caldwell et al. (63) showed that cells of a Me6MPR- 
resistant subline of the Ehrlich ascites carcinoma were de- 
ficient in the kinase that phosphorylated Me6MPR. A similar 
observation has been made by Bennett et al. (37) with sev- 
eral Me6MPR-resistant lines of cultured H.Ep.No.2 cells. 
These data suggest that the phosphorylation of Me6MPR is an 
essential step in the manifestation of the growth inhibitory 
effect of this analogue ribonucleoside. Since glutamine- 
PRPP amidotransferase in cells is strongly inhibited by 
Me6MPR, as has been mentioned, Me6MPR might inhibit growth 
of tumor cells by inhibiting purine synthesis de novo, 


although proof of this statement does not presently exist. 


CwmoObjectives in this Study 
This study was aimed at explaining in biochemical terms 
how 6MP and Me6MPR synergize when used together in hehehe n Get 
ing growth of the Ehrlich ascites carcinoma. 
The drug transformations in the tumor cells that were 


needed for the manifestation of synergism were studied by 
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testing the drug combination against several thiopurine- 
resistant tumors which had defects in converting one drug 
or the other into nucleotide. It was found that formation 
of the nucleotide derivative of both drugs was essential 
to the synergism. Because of this finding the effect of 
one drug upon the conversion of the other to its nucleo- 
tide form was investigated. The result showed that nuc- 
leotide synthesis from 6MP was enhanced by Me6MPR, whereas 
the phosphorylation of Me6MPR was not affected by 6MP. 
The biochemical basis for the enhancement of 6MP ribo- 
nucleotide synthesis appeared to be due to an increased 
availability of PRPP. 

Finally, correlation between enhancement of nucleotide 
synthesis from 6MP and the synergism in the antitumor 


effect was demonstrated. 
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II. MATERIALS AND METHODS 


ait Tumors and Their Maintenance 

The tumors used in these studies are listed in Table I, 
along with their sources and some of eneir’characterrstres’. 
The Ehrlich ascites tumor and its sublines were maintained 
by weekly transplantation (11 Om1O£ e>ntoy6 million tumor celts 
into Ha/ICR mice obtained from our own colony, or from the 
A.R. Schmidt Co., Madison, Wisc. Lymphoma L5178Y was main- 
tained by weekly transplantation of 10 million cells into 
the peritoneal cavity of male BDF, mice obtained from Micro- 


biological Associates, Inc., Bethesda, Md. 


B. Chemotherapy Experiments 
Le Implantation of tumor 

Mice were implanted intraperitoneally withsS2vo 6 
million ascites tumor cells each(taken from a pool erece VLS 
collected after 7 days of growth in donor mice) and’ were 
randomly assigned to treatment groups (10 mice) which were 
then weighed in total. Drug doses were based on the average 
weight of the mice in each treatment group at the start of 
experiment; unless otherwise specified, variations among 
individual mouse weights were within a 5-gram range. 
aes Administration of drug 

Unless otherwise specified, antitumor agents were admin- 
istered by intraperitoneal (ip) injection at 24 hour inter-— 
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TABLE I 


Tumor lines: origins and characteristics 


Drug nucleotide 
Drug resistance formed 


Selecting Colaterally 6MP Me6MPR 


Tumor Source agent resistant to 

EAC Stock* Yes Yes 

EAC-R1L Paterson 6MP Me6MPR Trace Yes 
(118) 

EAC-R2 Caldwell Me6MPR 6MP Yes Trace 

et al. (63) 

ETGRI LePage 6TG 6MP, Yes** Yes 
(119) Me6MPR 

ETGRII LePage 6TG 6MP, No Yes 
(119) Me6MPR 

L5178Y Sartorellit Yes Yes 


* This hypotetraploid (73 to 74 chromosomes) line of 
the Ehrlich ascites carcinoma was obtained by Dr. Paterson 
in 1956 from Dr. C.C. Stock, Sloan-Kettering Institute for 
Cancer Research, New York. 

** Although nucleotide is formed from 6MP in these 
resistant cells, the amount is only 30% of that formed in 
BAC cells, 

+ Obtained from Dr. A.C. Sartorelli, Yale University 
School of Medicine. 
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vals, starting 24 hours after tumor implantation, to a total 
of 5 doses. 6MP was dissolved in 0.154 M saline in those 
experiments of Section III E which used packed cell weight 
to evaluate treatment effects; in other experiments, 6MP was 
administered as a fine suspension in’ saline. Other drugs 
were dissolved in saline. 

BY; Evaluation of chemotherapy 

Two methods were employed to assess the effects of drug 
treatment on the proliferation of tumor cells in implanted 
mice: (a) the mass of tumor cells recoverable from the peri- 
toneal cavity was determined at a standard time after com- 
pletion of a course of therapy, or (b) the mean survival 
times of treated and control mice were compared. 

Mass of tumor cells: Mice were killed 7 days after im- 
plantation of tumor, that’ is, 2 days after completion of 
therapy. To facilitate the recovery of tumor cells from the 
peritoneal cavity, immediately after death each mouse re- 
ceived by ip injection 2 ml of heparin solution (10 mg 
heparinJin 100 ml of"07154" mM saline)”. ‘The ascitie fluid 
of each mouse was drained through an abdominal incision into 
a tared 12 ml conical centrifuge tube; saline rinsings of 
the peritoneal cavity were added and the tubes were: centri- 
fuged at 2/400 x g for 10 minutes. After the supernatant 
fluids were discarded, tube walls above the pellets were 
wiped dry,and the weight the cell sediments were determined. 

In one experiment, packed cell volumes were determined. 
The ascitic fluids were collected in Kolmer tubes, using the 


procedure described above. The tubes were then centrifuged 
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at 2,300 x g for 3 minutes and the volumes of packed cells 
were read from the scale of the tube. 

Survival time: After chemotherapy treatments were 
completed, cages were inspected daily at a set time. The 
numbers of mice surviving and dead were recorded; as well, 
mice were weighed 1, 4, and 7 days after treatment was 
finished. 

In occasional experiments, control mice (implanted with 
tumor, but treated with saline only) survived and 
apparently tumor-free at the end of the experiment. The 
aggregate experience in this work was that about 2% of tumor 
implants in control mice did not "take"; in any single 
experiment the highest percentage of such "no takes" was 
10%. Thus, the appearance of a single long-term survivor 


in a treatment group of 10 mice was not considered signi- 


ficant. 
64 Biochemical Experiments 
Ly Injection of drugs and extraction of tumor cells 


En Se ee NE a a AE ESE TT 


Drugs were dissolved in 0.154 M saline and injected into 
the ascitic fluid of tumor-bearing mice; unless otherwise 
specified, mice were used on the 7th day after tumor implan- 
tation. Immediately after injection, collodion was applied 
to the site of injection to prevent leakage of ascitic 
fluid. At specified times after aS injection, mice were 
killed, and ascitic fluids from 1 to 3 mice were drained into 
a 40 ml centrifuge tube containing 2 ml heparin solution (10 


mg heparin in 100 ml of 0.154 M saline). After centrifuging 
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at 2,400 x g for 10 minutes at 4°, the supernatant was dis- 
carded and the wet weight of packed cells was determined. 

Cell sediments were mixed with 2 volumes of cold 0.4 M 
perchloric acid (PCA) and.kept for 15 minutes in ice water 
with occasional mixing; the PCA extract was recovered by 
centrifugation and the residue was extracted again with l 
volume of 0.2 M PCA. Both extracts were pooled and neutral-— 
ized with 20% potassium hydroxide. The: precipitate formed 
was removed by centrifugation and the neutralized extracts 
were stored at-20° until analysed. 
oF Analytical procedures 

Determination of "total nucleotides": The term "total 
nucdeotides”, as used herein, refers to the unresolved group 
of nucleotide metabolites derived from 6MP, or from other 


purine bases. Paper chromatography in solvent A or B (see 
page 30) provided group separations of bases, nucleosides, 
and nucleotides and was the basis for the determination of 
Total nucleotides". The entire nucleotide area of the 
chromatogram was assayed for radioactivity. 

Bomanalyzing “totalxnucleotides" formed” from Mee 
labelled adenine, guanine and 6MP, measured volumes (50 to 
100 ul) of neutralized PCA extracts were chromatographed 
using solvent A, together with non-radioactive "carriers" 
representing the appropriate base, nucleoside and nucleo- 
side monophosphate. An identical volume of each sample was 
applied in the same chromatogram lane at a point beyond the 
final solvent front. After chromatography, carrier spots 


were located under ultraviolet light and each chromatogram 
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lane wae divided into three sections; (i) origin to nucleo- 
side spot, (ii) nucleoside spot, and (iii) remainder to the 
solvent front (nucleotide area). These chromatogram sec- 
tions, and another containing the unchromatographed sample, 
were inserted into counting vials which contained counting 
fluid (a toluene-fluor solution (120)) and were assayed for 
te activity in a Nuclear-Chicago Model 725 liquid scintil- 
lation system. The amount of nucleotide formed per gram 
cells was calculated from the radioactivity (counts per 
minute, cpm) found in the nucleotide areas of chromato- 
grams, the fraction of the PCA extract chromatographed, 

the weight of cells extracted and the specific activity 
(cpm per umole) of the labelled base from which the nuc- 
leotide was derived. The latter was determined from radio- 
active measurements made on paper mounted base samples: 
measured volumes of labelled base solutions of known con- 
centration were dried on the same type of paper used in 
chromatography and the radioactivity was assayed as des- 
cribed above. The channels ratio method (153) was employed 
routinely to detect "quenching"; it was found that quench- 
ing did not occur in these experiments. 

In analyzing the "total nucleotides" derived from the 
labelled hypoxanthine, the same general procedure was used, 
however, solvent B was used in chromatography. With this 
solvent bases ave a higher mobility than nucleosides, 
which move at a rate intermediate between bases and the 


slow-moving nucleotides. Purine nucleotides derived from 
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hypoxanthine are found between the origin and the inosine 
spot. 

Radioactivities in the chromatogram sections totalled 
more than 90% of that in the unchromatographed samples. In 
extracts from tumor cells which had been treated in vivo 
with labelled base, approximately 90% of the chromato- 
graphed radioactivity was present in, the nucleotide area. 

Determination of individual nucleotides derived from 
6MP or Me6MPR: DEAE-Sephadex chromatography (121) was used 
to isolate individual nucleotides for determination. 

Samples (6 to 15 ml) of neutralized PCA extracts were 
applied to 1 x 90 cm columns of DEAE-Sephadex fasckate form) ; 
these columns were eluted with gradients of triethylammonium 
acetate and the eluate was collected in 5 ml fractions. For 
each eluate fraction the optical density at 260 mu (OD. ¢Q) 
(or at 292 mu for determination of Me6MPR phosphate) was 
measured; as well, the radioactivity of each fraction was 
assayed using Bray's counting fluid (122) and liquid scin- 
tillation counting. A sample (0.5 ml) of each fraction was 
mixed with 4.5 ml of Bray's counting fluid and counted in 
Nuclear-Chicago Mark I liquid scintillation system. Radio- 
active peaks in the elution profile were identified by 
their positions relative to ODj¢_) peaks of naturally- 
occurring nucleotides (50). The amount of individual 
nucleotide formed per gram of cells was calculated from 
the total radioactivity in the radioactive peak, the -frac- 


tion of the PCA extract chromatographed, the weight of 
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cells extracted, and the specific activity of radioactive 
substrate from which the nucleotide was derived. The 
specific activity was determined by mixing 0.5 ml of the 
diluted solution of the labelled substrate of known con- 
centration with 4.5 ml Bray's solution and the radioac- 
tivity was assayed as described above. Again, quenching 
did not occur in these experiments. 

Paper chromatography: Descending paper chromatography 
(with Whatman No. 40 paper) employed the following solvent 
systems: 

Solvent A: isoamyl alcohol and aqueous 5% NajHPO,, 

mutually saturated and used in equal 
volumes (123); 
Solvent B: n-butanol-glacial acetic acid-water 


(60:15:25, v/v) (124). 


D. Chemicals 
14 ; 14 
Me6MPR-(methyl- “C), prepared by reacting 6MPR with Cc- 
methyl iodide (38), was kindly provided by Dr. I.C. Caldwell 
of this laboratory. Other radioactive compounds were com- 
mercial products. 
6MP and other purine analogues were obtained from the 


Cancer Chemotherapy National Service Center, Bethesda, Md., 


or were commercial products. 
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Pi Gee RESULTS 


A. Combination Chemotherapy 
is Combination treatment of EAC with 6MPR and Me6MPR 

A derivative of 6MP, thioinosine (6MPR), inhibits a 
number of transplantable mouse tumors (125) and has a 
higher therapeutic index® than.6MP in the treatment_of 
mice bearing Adenocarcinoma 755 (126). However, as shown 
in Table II, 6MPR was found to be ineffective against the 
Ehrlich ascites tumor; the survival time of tumor-bearing 
mice was lengthened to a minor extent only, even with 
dose levels as high as 150 mg/kg. The latter dosage, in 
terms of number of moles of 6MP contained therein, was 
approximately equivalent to the LD, 9 ror 6MP?, After 
treatment of EAC-bearing mice with 6MP at 50% LD, 9: 60% 
of mice were alive on the 50th day after implantation 
without apparent tumors, under the experimental conditions 
used in this post. In the experiment of Table II, the 
highest dose of 6MPR was less than the reported Lose 
and toxic signs were not evident. 
: Ratio of the dose that kills 10% of the host animals 


(LD}9) to the dose that reduces tumor growcnavo +1 0sror con= 
trol values. 


: The LDjg of 6MP for Ha/ICR mice treated oncedaily for 5 
days is. about 80 mg/kg (M.C. Wang, unpublished results). 


10 che LD19 of 6MPR for Swiss mice treated once daLLyeLor 
7 days is 249 mg/kg (127). . 
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TABLE II 


Failure of thioinosine to inhibit the growth of the Ehrlich 


ascites carcinoma 


Dose Average survival 
(mg/kg) (days) 
ee 
Control (saline) Bh Ale Ay a Oe Se (oa OED Beas 
20 , 2A ee Set nL Og 
40 O16 Fetes tor (iG0)) 
70 PP TNS Fag Ai Bee 8 Bled Bo 
100 2 Uae ee.) 
150 Ao ae One LO) 


NOTE: Mice weighing 20 to 30 grams were used. 


* Mean Deviation. 


** Number of mice. 
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It is known that 6MPR is converted in rats and dogs 
to 6-thiouric acid (125), which is therapeutically inactive 
(15,128). Presumably, this Spies process involves 
the initial cleavage of 6MPR by purine nucleoside phosphoryl- 
ase to release 6MP, which is then oxidized by xanthine oxi- 
dase to 6-thiouric acid. Since mouse tissues possess both 
purine nucleoside phosphorylase (29,129) and xanthine 
oxidase (16-18), conversion of 6MPR to 6-thiouric acid 
would be expected in this animal. In mice bearing EAC, 
the inactivation of 6MPR would occur mainly in the normal 
tissues and not in the tumor cells, because the latter have 
only very low xanthine oxidase phe This raises the 
possibility that the low therapeutic effect with 6MPR could 
be due to a rapid removal of this drug from the peritoneal 
cavity, with subsequent catabolism in normal tissues, or 
excretion. 

Because Me6MPR inhibited the cleavage of other purine 
nucleosides by intact EAC cells (111), it was considered 
possible that Me6MPR might reduce 6MPR catabolism; this 
reasoning, which in retrospect was naive, led to a test 
of the therapeutic effect of combinations of 6MPR and 
Me6MPR against EAC. This combination was found to be much 
more effective than either agent alone; however, after 
further study, it became apparent that inhibition of 6MPR 


catabolism was not the reason for the therapeutic synergism 


ee M.C. Wang, Master of Science thesis, The University of 


Alberta (1965). 
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resulting from combination of the drugs. 

As shown in Table III, treatment of EAC-bearing mice 
with either 6MPR or Me6MPR at 10 mg/kg resulted in small 
increases in survival time (13% and 30%, respectively). 
However, treatment with a mixture of these drugs, each at 
the level of 10 mg/kg, had the result that half the animals 
were living with no apparent tumors, 100 days after implant- 
ation. Solid tumors, which caused death of 3 mice in this 
experiment, apparently originated from tumor cells deposited 
along needle paths during implantation. 

It became apparent that the therapeutic synergism could 
not be attributed to the ability of Me6MPR to inhibit the 
catabolism of 6MPR because two other analogue nucleosides, 
2-amino-6-chloropurine ribonucleoside (ACPR) or 2-amino-6- 
(o-chlorobenzylmercapto) purine ribonucleoside (CBTGR), which 
are as potent as Me6MPR in inhibiting nucleoside metabolism 
(112), failed to potentiate the antitumor acitivty of 6MPR. 
As may be seen in Table IV, concurrent treatment with 6MPR 
and Me6MPR (70 and 6 mg/kg, respectively) effectively inhib- 
ited the growth of EAC with the result that 6 out of 10 
mice were tumor-free at 100 days. However, ACPR or CBTGR 
could not take the place of Me6MPR at the equivalent dosage, 
as may be seen in Table IV. 

Since 6MPR is readily phosphorolysed by EAC cells (130) 
it was considered possible that the 6MP so released was the 
active component in the 6MPR-Me6MPR SO en! The exp- 


eriment of Table V affirmed this possibility, showing that 
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TABLE III 


Synergism resulting from the concurrent administration of 


6MPR and Me6MPR 


Average survival 


of mice dying ata a 
Dose with ascites S a Wen 
Agent (mg/kg) tumors (days) yeh ane 
Control (saline) epee ed wae Uk 0 
6MPR 10 19.9 6t0”3<47; (40) 0 
Me6MPR 10 22 -45t23.40-(10) 0 
6MPR plust 10 23.5 + 2.5 (2) 5 


Me6MPR 10 


SS eee EEE 


* Mean deviation. 
** Number of mice. 


+ 3 mice in this group died with solid tumors on the 


42nd, 5lst and 74th days after tumor implantation. 
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TABLE IV 


Failure of two inhibitors of ribonucleoside metabolism to 


potentiate the therapeutic effect of 6MPR 


See ea aaa 


Average survival 


a 


: é Number 
of mice dying 
Dose with ascites oe re ore 

Agent (mg/kg) tumors (days) pA Aa 
Experiment A 

Control (saline) t Peete ie (9) ee 0 

6MPR 70 Port 4-76 —61-0) 0 
Me6MPR 6 AL on ted led el) ) 0 

6MPR plustt 70 

Me6MPR 6 6 
EE Re Ee a eee ee ne 
Experiment B 

Control (saline) 1,9..5, & 1.5 (4:0) 0 
ACPR# 10 L9,.5, & &. 4. (1:0) 0 

6MPR plus 70 

ACPR 10 19.0 + 3.0 (10) 0 
Se ee ie 
Experiment C 
Control (saline) Tom oe (LU) 0 
CBTGR## ses: 4 UC be AO se oes Sy Mi Sa BD 0 

6MPR plus 70 

CBTGR 3.3 OA eae 4.02 C20) 0 


eee eee 


* Mean deviation. 

** Number of mice. 

+ One mouse in this group died with a solid tumor on the 
72nd day after tumor implantation. 

++ 4 mice in this group died with solid tumors on the 58th, 
69th, 70th and 83rd days after tumor implantation. 

# 2-amino-6-chloropurine ribonucleoside. 


+ # 2-amino-6- (o-chlorobenzylmercapto) purine ribonucleoside. 
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TABLE V 
Replacement of 6MPR by 6MP in 6MPR-Me6MPR combination 


therapy 


Average survival 


: : Number 
of mice dying 

Dose with ascites Of EP 0 gey 
Agent (mg/kg) tumors (days) eh Aces 
Control (saline) L4,da5¢ Shak (20) *F 0 
6MP 6 163 te -44° (10) 0 
6MPR 9 19,fed Bs 3th 09 0 
Me6MPR 6 232% te 240cd10) 0 
6MP plust 6 ie 
Me6MPR 28 *('1) 2 
6MPR plustt 9 
Me6MPR 6 6 e326 (2) 4 


Oe oN ete Eee er 

* Mean deviation. 

** Number of mice. 

+ The other 4 mice in this group died with solid tumors 
on the 45th, 6lst, 76th,and 80th days after tumor implan- 
tation. 

++ The other 4 mice in this group died with solid tumors 
on the 49th, 63rd, 67th, and 69th days after tumor implan- 


tation. 
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6MP or 6MPR, at approximately equimolar amounts, synergized 
with Me6MPR in inhibition of the growth of EAC. As will be 
Soeenslater, .erGRLL tumor cells, which are resistant to the 
6MP-Me6MPR combination (Table XI), are also resistant to 
the 6MPR-Me6MPR combination (Table XII). 
ae Combination treatment of EAC with 6MP and Me6MPR 

The therapeutic synergism produced by the combined use 
of 6MP and Me6MPR may also be demonstrated by measurement of 
the volume or mass of tumor cells remaining after therapy. 
Synergism was clearly demonstrated with this method when the 
dosage of drugs was low; after high drug doses the remaining 
tumor masses were small and consequently differences among 
the treatment results were less than the sensitivity of the 
method. 

Table VI shows the results of two such experiments. 
It is seen that when ineffective dosages of 6MP were used 
together with Me6MPR, potentiation of growth inhibitory 
effects resulted. For example, in Experiment B, 6MP treat- 
ments produced no effect at doses that ranged from 0.5 to 
4 mg/kg, and Me6MPR at 4 mg/kg caused the proliferation of 
tumor cells to lag 2.5 doublings behind the control; when 
the two agents were used together at these doses, the growth 
Sf the tumor. cells lagged at least 5.7 doublings behind that 
of control cells. Thus, the effect produced by the combina- 
tion treatment was clearly synergistic. 

The synergism resulting from the combined use of 6MP 


and Me6MPR has been confirmed repeatedly. In all such 
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TABLE VI 
Synergistic inhibition of Ehrlich ascites carcinoma by 


combined treatment with 6MP and Me6MPR 


Average mass 


of packed tumor ReneS Fe 
Dose cells per mouse 

Agent (mg/kg) (grams) doublingst 
Experiment A 

Control (saline) 1,85  0,23%(30)¥* 6,5 
6MP 40 Ob ee OG Po ae. 
6MP 20 0.33 = 0.06 (8) 4.0 
6MP 10 6,69 2 0.22 (10) 5.1 
6MP 4 ae iy a ss Ba BF ed ge 2 5.9 
Me 6MPR 20 0,04 £ 6,61 (16) eu 
Me6MPR 10 0700 80-08) Lot 4.0 
Me 6MPR 5 0, 08-8078 3-:(1 8) 2.0 
Me6MPR 2 0.668 2 O.34 (20) 5,2 
6MP plus 20 

Me6MPR 10 oa bad Saad o Bato Ba ea 0 
6MP plus 10 

Me6MPR 5 OU, Gas Os0l to) a By = 
6MP plus 4 

Me6MPR 5 6.265.200. 23) too 2.9 
6MP plus 0.8 

Me6MPR , 6,27° 3) 0,18) 338 


(Continued) 
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TABLE VI (Continued) 


Average volume 
of packed tumor 
Dose cells per mouse 


Number of 
tumor cell 


Agent (mg/kg) (m1) doublingst+ 
Experiment B 

Control (saline) a O08 2A TO) os 
6MP 4 a O02 2-068" (9) + Ree: 
6MP 2 3,38 + 0.62 (14 7,4 
6MP sl 4A.07 + 0.60 (10) 2 ey | 
6MP 0.5 a A0oe 0) Ga. (104 7.4 
Me6MPR 4 0.53 + 0.29 (10) au 
6MP plus 4 

Me6MPR Pi N02 +7002" (10) 0 
6MP plus 2 

Me6MPR ri Oe 2. OL et LO) 0 
6MP plus ib 

Me6MPR 4 0.05.+° 0. 603— (10) cee 
6MP plus 025 

Me6MPR 4 OP eek. Ga CB) doy 5 


ETT ccc ze 


NOTE: The mass of tumor cells (Experiment A) was 
measured on the 7th day after implantation as described 
in MATERIALS AND METHODS. The volume of packed tumor cells 
(Experiment B) was measured on the 10th day after implan- 
tation. 

* Mean deviation. 

** Number of mice. 

+ Calculated by the method of Finney et al. (131). 
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experiments the administration of drugs was started 24 
hours after inoculation of tumor. To determine whether the 
combination treatment was also effective against the tumor 
in more advanced stages, treatment was initiated several _ 
days after implantation. Table VII shows the results of 
the combination treatment begun 4 days after implantation 
of EAC. As can be seen, the combination of 6MP and Me6MPR, 
at 32 and 20 mg/kg respectively, was toxic and killed 9 

out of 10 mice. However, following treatment with a com- 
bination of 6MP and Me6MPR at one half of these doses, 9 
out of 10 mice were alive and without evident tumor on the 
50th day after implantation. Treatments with individual 
drugs alone at the same doses produced a much smaller thera- 
peutic effect. Thus, the combination treatment produced 
distinct synergism even though the treatment was started 

4 days after inoculation. 

When treatments were started on the 7th day after the 
tumor implantation, the synergism was still seen, but was 
less effective. It is:.shown in Table VIII that treatment 
of the tumor-bearing mice with Me6MPR at 10 mg/kg, or with 
6MP at 16 to 64 mg/kg, increased survival time only slightly, 
but when these doses of 6MP and Me6MPR were used together, a 
number of long-term survivors resulted. The high toxicity 
of Me6MPR and of the 6MP-Me6MPR combination toward the EAC- 
bearing host was much in evidence in this experiment. All 
animals were distended with ascitic. fluid when treatment was 


begun in this experiment. Effective treatments caused rapid 
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TABLE VII 


Combination treatment with 6MP and Me6MPR begun 4 days after 


implantation of the Ehrlich ascites carcinoma 


fe ee a aS —ca- conraar Gerenn EPTaEEEGEES a> >=, GPa Sea PERE EP ee 


eee eee ee ee 


Average survival Number 
Dose of mice dying with of 50 day 

Agent (mg/kg) ascites tumor (days) survivors 
Peewee An Rat 625-1 t ete racer Anti tence sffects within _ 
Control (saline) 1 et PS epee od @ RSD eae 2 

6MP 32 22 Tie wee th) 3 

6MP 16 29 G.t 012 4's) es 
Me6MPRt 40 28 (1) 0 
Me6MPR 20 A0ea 426,.0.(4) 4 
Me6MPR 10 Op Gets? a] 3) 2 

6MP plust a2 

Me6MPR 20 ae, g 

6MP plus 16 

Me6MPR 10 tPA Cee, 2 


ee rere. | eee ee 
NOTE: None of the mice in this experiment died with 
solid tumors. 
* Mean deviation. 
** Number of mice. 
+ 9 mice in this group died of toxicity without apparent 
tumor; these mice died early and characteristically had 
ruffled fur, hunched posture, weight loss, and sometimes 


diarrhea before death. 
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disappearance of this distension, with some animals going on 
to indefinite survival and others to toxic deaths. This 
experiment has been repeated with similar results. 

In the experiment of Table VIII, treatment with the 
combination of 6MP and Me6MPR at 16 and 10 mg/kg, respect~ 
ively, was superior to other treatments, including treatment 
with 6MP or Me6MPR alone. These data indicate that the drug 
combination can elicit stronger antitumor effects within 
the limit of tolerable toxicity than the individual drugs 
used alone. It should be noted that Me6MPR produced a very 
strong toxic effect at dosages above 40 mo/7 kel cunor— 
bearing mice, even though the LD, 9 in tumor-free mice was 
approximately 50 Meee Tt) is possible that ja,rapid de- 
struction of tumor cells by high dosages of Me6MPR led to 
the release of a large amount of toxic substances, or that 
the stress imposed by the tumor rendered mice more sensitive 
to MeoMPR. 
ay, Biochemical transformations of drugs required for the 

manifestation of synergism 

As a preliminary step to exploration of the biochemical 
mechanism of the 6MP-Me6MPR synergism, drug transformations 
that were obligatory in the synergism were investigated. 

Cleavage of Me6MPR is not involved in the synergism: 
Me6MPR is cleaved phosphorolytically only to a small extent 
(29,38,40,69); hence, the formation of Me6MP is not likely 


to be involved in the synergism. Table Ix shows that treat— 


ae M.C. Wang, unpublished results. 
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TABLE VIII 


Combination treatment with 6MP and Me6MPR begun 7 days after 


implantation of Ehrlich ascites carcinoma 


Average Survival of 
survival of individual 
mice dying mice dying Number 
Dose with ascites with solid of 50 day 

Agent (mg/kg) tumors (days) tumors (days) survivors 
Control (saline) Oe eee SCA eee 2 
6MP 80 Lome bao C10) 0 
6MP 64 Ljoetae 2.4. (10) 0 
6MP 48 CU emt ew LE) 0 
6MP 32 a, ee et i 1 
6MP eit bs. 225 a. OF (88 45 1 
Me6MPRt 50 Aare a Ben ee 0 
Me6MPRt 40 GMO REI ORT) 0 
Me6MPRt 30 ara 9d A A C7) 2 
Me6MPR 20 Zale pete Ui ) 2 
Me6MPR 10 Dee eee bteg! ot CLL ) 0 
6MP plus7t . 64 

Me6MPR 10 O54 Mee Be ae irae aye 2 
6MP plus 48 . 

Me6MPR 10 aL Peete Wa tae Cs) 4 
6MP plus ae 

aa ae 10 1959°+ 056 (8) | 2 
dela 5 apa Lpeeeete ta 49750 4 


Me6MPR 10 


* Mean deviation. 

** Number of mice. 

+ Other mice in this group died of toxicity without 
apparent tumors (see footnote of Table VII). 
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TABLE IX 


Failure of Me6MP to potentiate the antitumor activities of 
6MP and 6MPR 


i a i re a er ne 


Average survival Number 
Dose of mice dying with of 50 day’ 

Agent (mg/kg) ascites tumors (days) survivors 
Experiment A 

Control (saline) she ay oe mS cial bid tas pes z 
6MP t+ 10 ET Aet 4 69) 0 
Me 6MP 10 2 eae eee 0 
Me6MP 20 2 AS a eee) 0 
Me6MP 40 Le ee eae) 0 
Me6MP 80 AVE ea A py hel), fy 
6MP plus 10 

Me6MP 10 Pie sc ate de gt ta) 0 
6MP plustt+ 10 

Me6MP 30 22 At oe aero 0 
6MP plus 10 

Me 6MP £0 2250 ie Oren: 0 
6MP plus 10 

Me 6MP 30 Ziloerths IS dy Ue 0 
Experiment B 

Control (saline) Le 20 & 474 9010) 0 
6MPR 20 BW 0G onl 2 ol Ten W888 0 
Me6MP 10 EO ero eee) 0 
Me6MP 20 LO ae sand 0 
Me6MP 40 20 AU Sas Oy ty 0 
hes Sa a Wee.) 13.8 C10) 0 


Me6MP 10 ‘ 


(Continued) 


TABLE IX (Continued) 
Average survival Number 
| Dose of mice dying with of 507 day 

Agent (mg/kg) ascites tumor (days) survivors 
6MPR plus 20 ae 
Me6MP 50 es) een (EL O') 0 
6MPR plus 20 
Me6MP 10 Piecmeco rt. ot BO) 0 

* Mean deviation. 

** Number of mice. 

+ One mouse in this group died with a solid tumor on the 
39th day after tumor implantation. 

+t One mouse in this group died with a solid tumor on the 
A2nd day after tumor implantation. 
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ment with 6MP plus Me6MP (Experiment A), or with 6MPR plus 
Me6MP (Experiment B), did not result in extension of the 
survival time of EAC-bearing mice beyond that of controls. 
From these results it is concluded that release of Me6MP is 
not. involved in the therapeutic effect of Me6MPR, or acne 
synergism with 6MP. 

Formation of drug nucleotides as an essential step in 
the 6MP-Me6MPR synergism: It has been shown clearly that 
formation of nucleotide derivatives of 6MP and Me6MPR is an 
Besential step in the individual Sanne activities of 
these two agents (37,63,99,100). Consequently, Lt was con= 
sidered likely that these transformations were also obliga 
tory for the synergism. 

To examine this question, combination therapy with the 
6MP-Me6MPR pair was tested against several thiopurine- 
resistant tumors which were known to have defects in the 
conversion of 6MP or Me6MPR to nucleotides. Table X summar- 
izes the abilities of the resistant tumor cells to synthesize 
these nucleotide derivatives (other information about these 
tumors is found in Table I). As can be seen, the resistant 
cells, with the exception of EAC-R2 cells, phosphorylate 
Me6MPR at rates comparable to that of the parent line, EAC; 
FAC-R2 tumor cells are also exceptional in this group in 
that their capacity to synthesize 6MPRP from a test dose 
of 6MP is similar to that of EAC. 

The results of combination chemotherapy of these resis- 


tant tumors are shown in Table XI. In all of these experi- 
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TABLE X 


Formation of analogue nucleotides in thiopurine-resistant 
sublines of EAC 


Rate of nucleotide formation 
(mumoles per gram cells per minute) 


Me 6MPRP 6MP RP 
Tumor in vitro assay (38) in vivo assay (54) 
EAC 173 4.3 
EAC-R1 183 <0 o1 
EAC-R2 <10 a 
ETGRI 16x £3 
ETGRII 124 None 


NOTE: To measure the capacity of tumor cells to synthe- 
size Me6MPR phosphate, tumor cells (0.2 gram per ml) were 
incubated with 0.5 mM Me6MPR-(methyl-74c) and the PCA 
extracts of tumor cells, taken from incubation mixtures at 
1 minute intervals, were analyzed for Me6MPR phosphate by 
the paper chromatographic method (38). 

To estimate the rate of 6MPRP formation, each of 5 tumor- 
bearing mice received by ip injection 5 umoles of non- 
radioactive 6MP; the PCA extracts of tumor cells collected 
30 minutes later were analyzed for 6MPRP by ion exchange 


chromatography (54). 
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TABLE XI 


Combination therapy of thiopurine-resistant tumors 


pannsluidelasibieahdhiaueeneessaneecsseamenacen er ee 
SS SSeS eeenrnreestene=—nengrvmnrense-a-onreoeonmeenn ee eee ee 


Dose Average survival Number of 50 
Agent (mg/kg) of mice (days) day survivors 
Experiment A: EAC-R1 
Control (saline) L68.3 £°2,7* (S80) ** 0 
6MP 64 9.8 fels2 (10) 0 
6MP 32 97) 20 oe ee 0 
6MP 16 LL rere vis ee os 0 
Me6MPR 40 958 0, 5 CLO) 0 
Me6MPR 20 hic Pav er ee fo: aH yas) 0 
Me6MPR 10 LAGE 2 oe 0 
Heereee 39 9,4%+ 199° (20) 0 
Hapa ee. “208 13.9 + 3.1 (10) 0 
Experiment B: ETGRI 
Control (saline) kd pA. Gee eae) 0 
6MP 80 auf 2° 0,99 1g) 0 
6MP 64 Brak Aa eo 0 
6MP 48 rt ee (10) 0 
6MP 32 o.2 2-L0) 8) 0 
6MP 16 9 .9-'s (9) £ 
Me6MPR 50 Va 8) 6 3) 0 
Me6MPR 40 16,0 3 (10) 0 
Me6MPR 30 cP Ee (9) ai 
Me6MPR 20 15.4\-% (10) 0 
Me6MPR 10 27,4 5 2,9: (10) 0 
6MP plus 32 
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TABLE XI (Continued) 


Dose Average survival Number of 50 
Agent (mg/kg) of mice (days) day survivors 


Experiment C: ETGRI 


Control (saline) Ors ete 8 (29) 0 
6MP 20 OV ane £259 (10) 0 
6MP 10 weasel ey 1G) 0 
6MP 5 oat ego? at 0) 0 
Me6MPR Iho ST eS 2a CG) af 
6MP plus 20 

Me6MPR 10 10.20. «$16: Ge) 6B9 ak 
6MP plus 10 ; 

Me6MPR 10 16 Ot 3.48 @ 61 0) 0 
6MP plus 5 

Me6MPR 10 20 oFoko16 gO 4f1.0) 0 


Experiment D: ETGRII 


Control (saline) 15.6 2 O° (28) 0 
6MP 10 128 wee te) i 
6MP 5 tS 8 FSA} C10) 0 
Me6MPR 10 S93. 0) © AYO O) 0 
6MP plus 10.. + 

Me6MPR 10 19 a2 6 5.420) 0 
6MP plus 10 0 
Me6MPR 5 293.8 2.2.6: (10) 
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TABLE XI (Continued) 


STU EEE RE a aan eee ETRE ew at, 

NSE ETE ee EF a Te Me ME Ek CRE BE a EE SS 
Dose Average survival Number of 50 

Agent (mg/kg) of mice (days) day survivors 


pp i ee A 
Experiment E: ETRGII 


Control (saline) Lbs 7b eo5 0G aes 0 
6MP 80 OG 1 Se Cie 0 
6MP 64 LOZ ee2 554 Cea) 0 
6MP 48 LO 2: ES GV ere ® } 0 
6MP 32 LL ostte Aaa) 0 
6MP 16 Leh OSS a eee) 0 
Me6MPR 50 L515 tree Cl Gi) 0 
ME6MPR 40 L7 FB eee C18) 0 
Me6MPR 30 7, Owed area Le 0 
Me6MPR 20 MC i ae ol ST ol MHL 0 
Me6MPR 10 20 ear Poe 0 
6MP plus 32 

Me6MPR 20 dls B;oieen Gore ee) 0 
6MP plus 16 

Me6MPR 10 Lie Sort a Or OO.) 0 
ae 
Experiment F: EAC-R2 

Control (saline) Vane be? aoe 8) 0 
6MP 64 LOOSE: ol) et) 

6MP 32 AS GEIS cee » 6. 410) 

6MP 16 2308 % 693. C10) 

Me6MPR 40 135 b4b.20; se) 0 
Me6MPR 20 Lave ck. OF) M28) 


(Continued) 
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TABLE XI (Continued) 


a 


Dose Average survival Number of 50 
Agent (mg/kg) of mice (days) day survivors 
6MP plus a2 
Me6MPR 0 Pregl. > CLO) 0 
6MP plus 16 
Me6MPR 10 VA Rte el (10) 0 


ee 


NOTE: When EAC-bearing mice were treated with these 
drugs using the treatment schedule employed in these 
experiments, 60% of the mice which had been treated with 
32 mg/kg of 6MP and 30% of those which had received Me6MPR 
at 20 mg/kg were alive 50 days after tumor implantation. 
Combination treatment with 6MP and Me6MPR at one-half of 
these doses had the result that 80% of mice were alive and 
apparently tumor-free on the 50th day after implantation. 

* Mean deviation. 


**k Number of mice. 
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ments, treatments were started 24 hours after tumor implant- 
ation and were given once daily for a total of 5 days. 

As can be seen, the resistant EAC sublines, EAC-RI, 
ETGRI, and ETGRII were found to be resistant to combination 
therapy (Experiments A to E). As shown in Table X, these 
tumor cells saree a decreased ability to synthesize 6MP 
nucleotide, but have retained ability to phosphorylate Me6MPR. 
Thus failure to form 6MP nucleotide is associated with re- 
sistance to 6MP and to the agents in combination. Schabel 
et al. (7) also showed that 6MP-Me6MPR combinations failed 
to produce synergistic effects against a 6MP-resistant sub- 
line of mouse leukemia L1210, which lacked hypoxanthine- 
guanine phosphoribosyltransferase. 

It is also seen in Table XI that the EAC-R2 tumor, 
which was selected for resistance to Me6MPR (63), was resis-— 
tant to combination therapy (Experiment F). This tumor phos- 
phorylates only trace amounts of Me6MPR, but has retained 
the ability to synthesize 6MP nucleotide (Table XxX); therefore 
the resistance of this tumor to combination therapy suggests 
that phosphorylation of Me6MPR is also an essential part of 
the mechanism of synergism. 

Because ETGRII tumor cells were known to phosphorylate 
6MPR (34) and Me6MPR (see Table X), it was considered pos- 
Sible that this tumor would respond to combination treatment 
with these two analogue nucleosides. However, it was found 
that these two agents did not synergistically inhibit the 


growth of ETGRII. As shown in Table XII, the tumor-bearing 
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TABLE XII 


Combination therapy of ETGRII with 6MP and Me6MPR 


Average survival 


of mice dying eee 
Dose with ascites ae eoeed ay 
Agent (mg/kg) tumor (days) Nice Ses 
Control (saline) | Ge 2eeten el: sh/e® GAB) FX 0 
6MPR 376 eG lt oR a d,) a 
6MPR 188 oe ot GoD 1 
6MPR 94 2h st agape (10) 0 
Me6MPR 40 iad) ie ae kD ) uh 
Me6MPR 20 Da stk (10) 0 
Me6MPR 10 vA OS 2 (102 0 
6MPR plus 188 
Me6MPR 0 128. Sr 3hE7E. (ALO) 0 
6MPR plus 94 
Me6MPR 10 Ce) Ge load ia Ge i! 


* Mean deviation. 


** Number of mice. 
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mice treated with 6MPR-Me6MPR combination, at dosages of 
188 and 20 mg/kg, respectively, died earlier than untreated 
Mice. Combination therapy at half the above dosage was not 
better than Me6MPR alone. It was subsequently found that 
6MP nucleotide was formed from 6MPR in ETGRII cells at low 
rates only?>. Thus, the observed resistance of ETGRII to 
combination therapy with the 6MPR-Me6MPR pair does not 


contradict the idea that the formation of nucleotides from 


both 6MP and Me6MPR was necessary for synergy. 


B. Metabolism of 6MP and Me6MPR in Ehrlich Ascites Tumor 
Cells 
a4 Influence of one drug upon the metabolism of the other 


It was considered possible that the therapeutic poten- 
tiation seen in these experiments might have an explanation 
in the influence of one member of the drug pair on the metab- 
olism of the other; for example, the intracellular pools of 
drug nucleotides ("active" forms) might be changed in size, 
or the kinetics of their decline might be altered. This 
possibility was tested by determining whether treatment of 
EAC cells in vivo with 6MP (or Me6MPR) 30 minutes prior to 
a test dose of Me6MPR (or 6MP) influenced conversion of the 


latter into the nucleotide form. It is seen in Table XIII 


A Mice bearing 7-day ETGRII tumors were injected ip with 18 
umoles 6MPR each; one hour later the tumor cells contained 
0.008 uwmoles 6MPRP per gram. Ina similar experiment (Fig- 
ure 4), mice with the Ehrlich ascites carcinoma were each 
injected with 2.5 umoles of 6MP; one hour later these tumor 
cells contained 0.040 pmoles 6MPRP per gram. 
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that 6MP had no effect on the phosphorylation of Me6MPR, but 
exposure of the tumor cells to Me6MPR doubled the amount of 
6MPRP synthesized. When 6MP and Me6MPR were injected simul- 
taneously the enhancement of 6MP anabolism was absent (Table 
XIV). This result seemed towargueagainst altered drug met- 
abolian as a mechanism of the synergism because in therapy 
the drugs are given together. However, it was realized that 
one drug treatment might influence the tumor cell's metab- 
olism of the drugs given in the next treatment, 24 hours 
later. The experiment of Table XV examined this possibility, 
using drug dosages known to have therapeutic effects. It is 
seen that when 6MP was given in two successive treatments 
24.hours. apart, nucleotide formation was stimulated about 
3-fold by Me6MPR. In a similar experiment, summarized in 
Table XVI, it was shown that Me6MPR phosphorylation in EAC 
cells in vivo was not enhanced by 6MP. 

The effects of prior treatment on 6MP anabolism in 
thiopurine-resistant tumor cells were examined in the exper- 
iments of Table XVII, which were similar to those of Table 
XIV. Again, the experimental design was intended to deter- 
mine whether one therapeutic treatment with the 6MP-Me6MPR 
pair would influence the metabolism of 6MP in the next 
following treatment. In contrast with EAC results, nucleo- 
‘tide synthesis from 6MP was not significantly enhanced by 
Me6MPR in cells of the EAC-R1, EAC-R2, and ETGRII sublines. 
In ETGRII cells, 6MP anabolism was stimulated 5-fold by 


Me6MPR, although the total amount of nucleotides formed was 
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TABLE XIII 


Enhancement of 6MPRP formation in EAC cells by pretreatment 


with Me6MPR 


Concentration 
(mumoles per gram cells) 


Pretreatment Substrate 6MPRP Me6MPRP 


Experiment A 
14 


None 6bP—S= 9 C 35 8 
Me6MPR 6mp-g-+“c 74 ill 
Experiment B 

None Me6MPR 270 
6MP Me6MPR 290 


NOTE: In experiment A, 1.2 uwmoles of Me6MPR was injected 
into ‘the “ascitic fluid of 6ach-of-3 mice bearing’EAC~ (7 
days after implantation); 30 minutes later these mice rec- 
eived 3 pmoles each of emp-g-?4c by the same route, as did 
a control group of EAC-bearing mice which were not pretreated. 
The mice were killed 2 hours later and the pooled tumor cells 
from each group were analyzed for labelled 6MPRP and Me6MPRP 
by DEAE-Sephadex chromatography (121). 

In Experiment B, the same procedure was followed, except 
that 6MP (3 ywmoles per mouse) was injected 30 minutes before 
Me6MPR (1 pmole per mouse). OD measurements at 292 mu were 
used to locate and determine Me6MPRP in chromatographic 
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TABLE XIV 


Failure of Me6MPR to stimulate nucleotide synthesis from 6MP 


in EAC cells when these drugs are injected simultaneously 


Total Haaiéottapuese 


Rpees tite pe (mumoles per gram cells) 
(hours) Control Me 6MPR 

if LoL 62 

2 43 32 

14 13 ml 


NOTE: On the 7th day after implantation with EAC, mice 


were injected ip with 3 imoles 6mp-8-74c (control), or with 


3 umoles 6mp-8-t4c plus 1.2 moles Me6MPR. At the indica- 
ted times, 3 mice were withdrawn from each group and their 
ascitic fluids pooled. Tumor cells were spun down at 2,400 
x g for 10 minutes and extracted with perchloric acid for 
the determination of Ido in the nucleotide fraction, as 


described in MATERIALS AND METHODS. 
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TABLE XV 


Effect of prior therapy on the synthesis of nucleotide from 
6MP in EAC cells 


First Second Total nucle étide-'*c 
injection injection (mumoles per gram cells) 
emp-8-*“c emp-8-)4¢ 170 
emp-g-!4c plus 6mp-8-~4c plus pom 

Me6MPR Me6MPR 


NOTE: EAC-bearing mice were used on the 6th day after 


tumor implantation. wo mice received ip 3 pmoles of 6MP- 
gue4 r 


Mice received the same dosage of 6MP-8- tog 


C each and this was repeated 24 hours late 


ethe 
1.2 pmoles Me6MPR and this was also — 24 hours 
later. Two hours after the last injection, t 

each mouse was collected separately and for e 

labelled nucleotide was determined. The data above are the 


averaged values for each pair. 
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TABLE XVI 


Effect of prior therapy on the phosphorylation of Me6MPR 
in EAC cells 


Me6MPR phosphate 
(mumoles per gram cells) 


Puce th Second 
injection injection Lowe Labelled 
Me6MPR Me 6MPR- 14 
(methyl-~ C) 450 244 
Me6MPR plus Me 6MPR- 14 
6MP (methyl-" C) 485 283 
plus 6MP 


NOTE: EAC-bearing mice were used on the 6th day after ~ 
tumor implantation. Two mice were injected ip with non- 
radioactive Me6MPR (1.2 umoles per mouse) and then with 
Seoabeld ed Me6MPR (1.2 umoles per mouse) 24 hours later. 
Two other mice received the same treatment, but in addi- 
tion, each of these received 3 pmoles 6MP in each injection. 
Two hours after the last injection, the tumor cells from 
each group were pooled and analyzed for Me6MPRP by DEAE- 
Sephadex chromatography (121). 

* Total Me6MPRP was estimated by the measurement of 
absorbance at 292 mu; this represents Me6MPR phosphate 
derived from _both injections!of Me6MPR because intracel- 
lular pools of Me6MPR phosphate persist in EAC cells for 


long periods (see Table XIX). 
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TABLE XVII 


Effect of prior treatment on the synthesis of nucleotide 


from 6MP in thiopurine-resistant sublines of EAC 


CC ————————— 


Total Pastactide.- Ge 


Tumors ; Tne ee ite 
injection injection (mumoles per gram cells) 
14 
EAC 6MP 6MP-8- C 102 
Me6MPR 6Mp-8-*“c 494 
6MP plus emp-g-)4c 671 
Me6MPR plus Me6MPR 
14 
EAC-R1 6MP 6MP-8- C ae 
6MP plus 6mp-g-4c 15 
Me6MPR plus Me6oMPR 
14 
EAC-R2 6MP 6MP-8—- -C Lad 
oe plus oleae TC yee 
Me6MPR plus Me6MPR 
14 
ETGRI 6MP 6MP-8- C 44 
6MP plus Bnet o se 
Me6MPR plus Me6MPR 
14 
ETGRII 6MP 6MP-8- C 3 
6MP plus 6mp-—g-+4¢ 
Me6MPR plus Me6MPR 2 
NOTE: Procedures were similar to those described in 


Table XV. 
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only one-third of that in EAC cells. It is appreciated that 
the drug nucleotide concentrations obtained in this experi- 
ment refer only to the 2 hour time point; however, the 
results are consistent with the chemotherapy experiments. 
These results agree with the conclusion reached above, that 
drug nucleotide formation is a necessary step in the thera- 
peutic potentiation. 

It is apparent in Tables VIII-XVII that the stimulatory 
effect of Me6MPR on 6MP anabolism is time-dependent: no 
stimulation was seen when the tumor cells: were exposed to 
both 6MP and Me6MPR simultaneously, but exposure to Me6MPR 
24 hours previously enhanced nucleotide formation from 6MP 
by several fold. To further study the nature of this Me6oMPR 
effect, Buc abeiled 6MP was injected into EAC-bearing mice 
at various times after injection of Me6MPR and the amounts 
of labelled nucleotides formed in the tumor cells were 
measured. The results are shown in Table XVIII. As can be 
seen in Experiment A, simultaneous injection of 6MP and 
Me6MPR did not promote nucleotide synthesis from 6MP; how- 
ever, when Me6MPR injection preceded the test dose of 6MP- 
g-+4¢ by as little as 30 minutes, enhancement took place. 

In Experiment B the stimulatory effect of Me6MPR persisted 
for 48 hours and a maximal stimulation of 10-fold was 
achieved. In Experiment C it is seen that the stimulatory 
effect of Me6MPR increased rapidly with time and approached 
a maximum between 6 to 12 hours after neers then slowly 


decreased. It is especially noteworthy that this effect was 
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TABLE XVIII 


Persistence of the Me6MPR-pretreatment effect in EAC celis 
in vivo 
ee 
Time interval between 
Me6MPR-pretreatment and in- 


14, 14 


jection of 6MP-8- Total nucleotide-—~ “Cc 


(hours) (mumoles per gram cells) 


a 


—_——— 


Experiment A 


Control (without Me6MPR-pretreatment) 56 
0 59 
0.5 89 
1 UBS Be 
2 101 


rr ae ea re 


Experiment B 


Control (without Me6MPR-pretreatment) 87 
6 660 

12 883 
24 726 
48 708 


a 


Experiment C 


Control (without Me6MPR-pretreatment) TAY, 
Doe 119 

3 PHET 

6* 504 

abe 491 
24 440 
48% 435 
96* 350 


(Continued) 


TABLE XVIII (Continued) 

Notmt On the 7th day sarter tumor implantation,. groups 
of 3-mice-(Expt.-A)-or-pairs (Expts. B and C) received ip 
injections of 6mp-g-t4¢ (3 umoles per mouse in Expts. A 
and B, or 2.5 umoles in Expt. C); with the exception of 
control mice, these had been pretreated with Me6MPR at the 
indicated time intervals (1.2 umoles per mouse). Two hours 
after injection of labelled 6MP, mice were killed, their 
ascitic fluids pooled and the tumor cells therefrom were 
extracted with perchloric acid. These extracts were neu- 
tralized and samples were analyzed for total nucleotide 
formation from 6MP by the paper chromatographic method. 
The remainders of certain extracts (*) in Expt. C were 
chromatographed on DEAE-Sephadex and Me6MPRP was deter- 
mined by OD measurement; these results are reported in 
Table XIX. 
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long-lasting: 96 hours after the single injection of 
Me6MPR, the rate of nucleotide synthesis from 6MP eae ele- 
vated 5-fold. 

Ris Mechanism of enhancement of 6MP anabolism 

The persistence of Me6MPR phosphate in EAC cells in vivo: 
Earlier reports from this laboratory had noted that pools of 
Me6MPR phosphate, once formed in EAC cells, remained with 
little change for periods up to 24 hours (152). This unusual 
stability was thought likely to be the basis of the long- 
lived Me6MPR pretreatment effect. This idea was een by 
determining the Me6MPR phosphate content of the’ tumor cells 
of Experiment C, Table XVIII. It was found that the concen- 
tration of this compound was maximal 3.5 hours after Li jec— 
tion (Table XIX) and that substantial amounts of the analogue 
nucleotide were present in the tumor cells even after 98 
hours. Thus, the slow rate of disappearance of Me6MPR 
phosphate from the mag cells and the persistence of the 
stimulatory effect of Me6MPR appear to be related. As will 
be seen below, Me6MPR did not enhance 6MP anabolism in 
tumor cells which were unable to phosphorylate Me6MPR, a 
finding in agreement with the above suggestion. 

Concentration of hypoxanthine-guanine phosphoribosyl- 
transferase in Me6MPR-treated EAC cells: One possible basis 
for the relationship between Me6MPR phosphate and an elevated 
6MP anabolism is that Me6MPR phosphate might increase the 
amount of the enzyme responsible for conversion of 6MP to 


nucleotide. Such a mechanism is unlikely, judging from the 
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TABLE XIX 


Persistence of Me6MPRP in EAC in vivo 


Time 
after injection 
of Me6MPR* Me 6MPRP 
(hours) (mumoles per gram cells) 
365 280 
8 268 
50 256 
98 155 


NOTE: This experiment is described in Table XVIII. 

* Since tumor cells were collected 2 hours after injection 
of 6mp-8-+4c in the experiment of Table XVIII, the intervals 
listed above are 2 hours longer than those in Experiment C, 


Table XVIII. 


XIX aaaaT bret | 
eviv ai DAG aL snaMdor 20 wenn 


——, 
- UJ 


Bie Wake 


TIMeoM 
(ellen msze u9q ee,Lomim) 


a i" - 
OBS thew AS it 


Ay 

Bas ; hie. he ROeee 
AV 'r th abi 
des : rea ee ond 4 Ura alk 


* 
“a 
& 


} 
Ly j 


- 66 - 


Gata of Table XX, which indicate that Me6MPR pretreatment 
UtcecOleauter the activity of tumor cells extracts in the 
PRPP~supported synthesis of 6MP ribonucleotide. | 

increased availability of PRPP as a cause of enhanced 
6MP anabolism: Because Me6MPR 5'-phosphate is a potent 
inhibitor of glutamine-PRPP alitdstPaistavyase, it was con- 
sidered possible that Me6MPR treatment might enhance 6MP 
anabolism by diverting PRPP away from purine nucleotide 
synthesis and into the phosphoribosyltransferase reaction. 
Thus, Me6MPR treatment might lead to the accumulation of 
PRPP in EAC cells. To test this possibility, PRPP concen- 
trations in EAC cells in vivo were measured 6 hours after 
injection of Me6MPR. The results presented in Table XxXI 
show that PRPP levels in the tumor cells were elevated 5- 
to 14-fold by exposure to Me6MPR. 

It was apparent in Table XVII that 6MP anabolism in 
FAC-R2 tumor cells was stimulated by prior treatment with 
the 6MP-Me6MPR drug pair; in a similar experiment (data not 
shown) the same result was found for treatment with MeOMPR 
alone, as might be expected. Because EAC-R2 tumor cells 
‘are virtually unable to phosphorylate Me6MPR (see Table X), 
one would not expect Me6MPR treatment to increase PRPP con- 
centrations in these cells, if the above arguments are 
valid; this result was found in Experiment D, Table XxXI. 

If diversion of PRPP away from purine nucleotide syn- 
thesis de novo is the cause of the Me6MPR enhancement of 


nucleotide synthesis from 6MP, it would be expected that 
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TABLE XX 


Hypoxanthine-guanine phosphoribosyltransferase activity in 
Me6MPR-treated EAC cells 


CL seen 
essere 


Enzyme activity in the extract 


Source (mumoles 6MPRP formed per 
of extract* minute per ml extract) 
ee ee eae ell nies ee i het Se ee eres eee emery? AOR oe 
Saline-treated cells 54 


Me6MPR-treated cells 57 


NOTE: Incubation mixtures (100 ul) contained 50 il of 
10-fold diluted tumor extract and the following ( umoles): 
6mp-8-+4c(0.1), PRPP(0.1), versene (0.1), MgSO,(0.1), and 
pH 7,4 Tris-HCl buffer (5.0). After incubation at 37°C for 
5 minutes, the reaction was terminated by adding 20 ul of 
4 M formic acid. The formic acid mixtures (100 ul) were 
applied on paper, together with 6MPR and 6MPRP carriers, 
and chromatographed in solvent A. The amount of 6MPRP 
formed was calculated from the specific activity of the 
6mp-g-+4¢ substrate and the radioactivity found in the 6MPRP 
Carrier spot. 

* Preparation of tumor extract: Three EAC-bearing mice 
were each injected ip with 1.2 umoles Me6MPR and after 6 
hours ascitic fluids were pooled and centrifuged at 2,400 
x g for 10 minutes. The packed cells were then suspended 
in 0.2 M Tris-HCl buffer, pH 7.4,(0.2 gram cells per ml 
buffer) and disrupted with a sonic oscillator (29). The 
sonicate was then centrifuged at 33,000 x g for 1 hour and 
the. supernatant fraction diluted 10-fold with the Tris-HCl 
buffer. The control extract was prepared in the same way 


using tumor cells from mice treated with saline instead of 


Meé6MPR. 
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TABLE XXII 


Effect of Me6MPR treatment on the PRPP content of ascites 


tumor cells 


PRPP concentrations 
(mumoles per gram celis) 


Trecorcro.L In Me6MPR-treated 


Experiment Tumor cells cells 
A EAC A ete oe aT 
B EAC oo 20 Sa LO 8 
Shien EAC et #2 bh SE a ta! pe 
D EAC-R2 APE eA a flo fan ngs 


NOTE: Me6MPR (1.2 umoles per mouse) was injected into 
the ascitic fluids of 4 mice bearing EAC and of 3 mice 
bearing EAC-R2 on the 7th day after tumor implantation; 
similar groups were injected with saline to serve as con- 
trols. Mice were killed 6 hours after injection of Me6MPR, 
and PRPP concentrations in tumor cells of each mouse were 
determined by the method of Henderson and Khoo (132). 

* Mean deviation. 

** The heated extracts of tumor cells were treated with 
charcoal (Norit A, acid washed) to remove purine and 
pyrimidine compounds before PRPP concentrations were 


assayed. 
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other reactions that utilize PRPP would also be enhanced. 
For this reason the synthesis of nucleotides from adenine, 
guanine, and hypoxanthine in Me6MPR-treated EAC cells was 
compared with that in untreated cells. The results summar- 
ized in Table XXII show that Me6MPR did stimulate these 
Eeactrorrs-crstincery: 

hee an increased “aval lability OL eee ts the cause Or 
enhanced 6MP anabolism, then it would be expected that 
elevated concentrations of PRPP would be found as long as 
the stimulatory effect of Me6MPR persists. Table XXIII 
shows that up to 96 hours after injection of Me6MPR, PRPP 
levels were still elevated. At this time point, nucleotide 
synthesis from 6MP was stimulated 5-fold by Me6MPR (see 
Table XVIII). 

The idea that enhancement of 6MP anabolism by Me6MPR is 
due to the increase in availability of PRPP was further sup- 
ported by showing that adenine interfered with the Me6MPR 
effect. AMP formation by the adenine phosphoribosyltrans- 
ferase reaction can be expected to compete for available 
PRPP with 6MP ribonucleotide synthesis. Adenine would not 
interfere as a competitive substrate in the latter reaction 
and adenine nucleotides inhibit only to a slight extent the 
responsible enzyme, hypoxanthine-guanine phosphoribosyltrans- 
ferase (133,154). It is seen in Table XXIV that pretreatment 
of EAC with Me6MPR stimulates the formation of nucletide 
from 6MP about 6-fold and that this stimulatory effect of 


Me6MPR was abolished when adenine was injected together with 
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TABLE XXII 


Stimulation of nucleotide synthesis from purine bases 
by Me6MPR pretreatment of EAC cells 


Nucleotite="4c 


(mumoles per gram cells) 


Untreated Me6MPR-treated 

Bases cells cells 
Experiment A 
Adéhine+8-t/c 304 509 
Hypoxanthine-8-?4c ye 254 
Experiment B 

: 14 
Adenine-8- C 330 627 
Suanine-G-7 °c 113 296 
Experiment cc 
Hypoxanthine-8--4c 87 224 


NOTE: Me6MPR (1.2 yumoles per mouse) was injected into 
the ascitic fluids of EAC-bearing mice and after 6 hours 
(Expts. A and C) or 24 hours (Expt. B) labelled purines 
(3 umoles per mouse, 2 mice for each base) were injected 
into the ascitic fluids, as specified above. After 30 min- 
utes (Expts. B and C) or 2 hours (Expt. A) mice were killed, 
ascitic fluids from each pair were pooled and the tumor 
cells were extracted with PCA. The total labelled nucleo- 
tide fraction was determined by the paper chromatographic 
assay, as described in MATERIALS AND METHODS. 
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TABLE XXIII 


Duration of the Me6MPR pretreatment effect on PRPP levels 


in EAC cells in vivo 


Time 


after injection 


of Me6MPR* PRPP 
(hours) (mumoles per gram cells) 
Without Me6MPR treatment: 18 
if 29 
3 196 
6 306 
24 324 
48 461 
96 290 


ieee oa ee ee ee 
NOTE: At the indicated times after injection of Me6MPR, 

groups of 3 mice were killed**, tumor cells from each 

group pooled, and PRPP content of the cells determined (132). 
* 1.2 umoles per mouse. 
** On the 7th day after tumor implantation. 
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TABLE XXIV 


Abolition by adenine of the Me6MPR-induced stimulation of 


6MP anabolism in EAC cells ah vivo 


Toca Pea aes a 
Pretreatment Substrate (mumoles per gram cells) 
* 14 
Saline 6MP-8-" “C* 109 
Me6MPR 6mp-g-14c 600 
Me 6MPR 6mp-g-t4c plus 78 
adenine 
None 6mp-g-t4c plus 12 
adenine 
: 14 
None Adenine-8- C Tak 
None denier ses (C A25 
plus 6MP 


NOTE: Tumor—-bearing mice in groups of 3 were pretreated 
as" indicated. Six hours later La labelled substrates, 
alene-or together with nonisotopic®’substrates, were injec- 
ted-into the ascitic fluids; after 30.minutes, mice.were 
killed and tumor cells from each group were pooled. Total 
labelled nucleotide formed in the tumor cells was then 
analyzed as described in MATERIALS AND METHODS. 

* Dosages of drugs (umoles per mouse) were as follows: 
6MP (or 6mp-8-"4c), 3,3; Me6MPR, 1.2; adenine (or adenine- 
eerreyy 58. 
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the test dose of 6MP. 

It should be noted that while competition for PRPP 
appears to be the simplest explanation of this adenine effect, 
it is recognized that an alternative possibility exists. Al- 
though adenine pum Lee ede are unlikely to inhibit 6MP nuc- 
leotide synthesis, as has been mentioned, hypoxanthine and 
guanine nucleotides derived from adenine, if their concen- 
trations were appreciably increased, could inhibit the hypo- 
xanthine-guanine phosphoribosyltransferase (133,154), and 
thereby nullify the stimulatory effect of Me6MPR on 6MPRP 
synthesis. Thus, although the results of this experiment 
are consistent with the idea of increased availability of 
PRPP as a cause of the enhancement of 6MP nucleotide synthesis, 
these results do not actually prove this idea. 

It is also seen in Table XXIV that without Me6MPR pre- 
treatment, the synthesis of nucleotide from 6MP inethe 
presence of adenine was 12 mumoles per gram of cells in 30 
minutes. Under identical conditions, the synthesis of nuc- 
leotide from adenine in the presence of 6MP was 425 mumoles 
per gram cells in 30 minutes. Thus, the PRPP "available" 
(134) during the 30 minute period was about A432 s(A25ete22) 
mymoles per gram of cells. Since 600 mumoles of 6MP nucleo- 
tide per gram cells was found in Me6MPR-pretreated cells in 
this experiment, it Tene ee that the availability of PRPP 
is ordinarily a rate-limiting factor for 6MP nucleotide 
synthesis and that increased amounts are available to this 


reaction in Me6MPR-treated cells. 
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It is concluded from these experiments that the increase 
fethewavad lability of PREP is a likely basis for the en- 
hancement of 6MP anabolism. 
3c Metabolism of 6MP in Me6MPR-treated EAC cells 

In most of these experiments, the synthesis of nucleo- 
tide from 6MP was measured 2 hours after injection of 6MP. 
After such an interval in EAC cells, the principal nuglec@ 
tides derived from 6MP are 6-thioinosinate, 6-methylthio- 
inosinate, and 6-thioxanthylate (50). To determine how the 
concentrations of these nucleotides varied with time, 6MP- 
gl 4c was injected into the ascitic fluids of mice bearing 
the Ehrlich ascites carcinoma, and after various time inter- 
vals, tumor cells were taken for analysis of the acid-soluble 
nucleotides by column chromatography on DEAE-Sephadex. It 
is seen in Figure 4 that the intracellular concentrations of 
the "total nucleotide" fraction and of 6MPRP reached a peak 
30 minutes after injection of EME oe and thereafter 
decreased with time. It-is also seen in Figure 4 that ALS 
hours after jabebhenn of 6mp-8-l4c, the concentrations of 
total radioactive nucleotide and 6MPRP in Me6MPR-treated 
cells were still about twice the maximum values achieved in 
control cells. The concentrations of Me6MPRP and TXMP in 
Me6MPR-treated cells increased with time in accordance with 
suggestions that both compounds are metabolites of thioino- 
sSinate (49,51). The Me6MPRP content of control cells did 

14 


not increase beyond 2 hours after injection of 6MP-8- C, 


and TXMP formation reached a maximum 1 to 2 hours after 
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HOURS AFTER INJECTION OF 6MP-8-!4¢ 
FIG. 4. Anabolism of 6MP in Me6MPR-pretreated EAC cells. 


NOTE: Mice were used on the 7th day after implantation of 
EAC, 10 mice were each injected ip with 1.0 umoles Me6MPR in 
0.5 ml saline, and 10 other mice were each injected with 0.5 
ml saline. After 6’ hours, 1.4 wmoles’ of 6MP-8-1l4c were in- 
jected into the ascitic fluid of each mouse; after the indi- 
cated time interval, 2 mice were withdrawn from each group 
and their tumor cells pooled. Perchloric acid extracts of 
each tumor cell sample were prepared and then analyzed by 
DEAE~Sephadex chromatography (121). 


Solid lines indicate Me6MPR-pretreated cells and the 
broken, lines; indicate. control, cells. 


* "Total Me6MPRP" was determined from OD292 data and, hence, 
represents Me6MPRP formed from both 6MP and Me6MPR. 
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Myyection of the isotope and then decreased. 

It may be noted at this point that, although Me6MPR 
phosphate constituted only a small portion of the "total 
nucleotide" fraction in control cells, this compound would 
likely accumulate because of its low turnover and concen- 
‘trations would increase substantially after several doses 


of 6MP. 


Ci Effect of Me6MPR on 6MP Anabolism in Mouse Liver 
Henderson and Mercer (117) have shown that in several 
mouse tissues (including liver), the inhibitory effects of 
Me6MPR on purine biosynthesis de novo persisted as long as 
24 hours. In the present work the question was asked whether 
the relationship between this inhibition and the stimulation 
of 6MP anabolism demonstrated above in ascites tumor cells 
might also be found in liver. Mice were injected intraven- 
ously with Me6MPR or saline 6 hours before an intravenous 
meet Lon “Of neue and were killed 30 minutes later. 
Acid-soluble fractions of liver were then prepared and were 
analyzed by 18h exchange chromatography on DEAE-Sephadex 
fied)» Tine Livers of both control and Me6MPR-treated animals 
the nucleotides formed from pier te were 6MPRP, MeOMPRP, 
and an uncharacterized pemeoundne : As can be seen in 
Table XXV, the concentrations of 6MPRP and the unknown meta- 
bolite in liver of Me6MPR-treated mice were about 5 times 


those of control mice, but concentrations of Me6MPRP formed 


ce This compound appeared in the nucleotide region of the 
elution profile. 
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TABLE XXV 


Effect of Me6MPR pretreatment cn 6MP anabolism in mouse liver 


os 


eee 


Nuclectides 14 
formed from 6MP-8-" C 
(mumoles per gram liver) 


ee ee 


reer ee 


Pretreatment 6MP RP Me6MPRP Unknown Sum 
NaCl 7 29 5 Al 
Me6MPR 37 32* 2q 96 


NOTE: Mice were injected intravenously with 1.2 umoles 
Me6MPR or 0.5 ml 0.9% saline. After 6 hours each mouse 
was injected intravenously with 5.5 ymoles 6Mpeetancy killed 
30 minutes later and the liver was quickly frozen in liquid 
nitrogen. The frozen livers from two mice of each group were 
placed together, weighed quickly, and powdered in a percus- 
Sion mortar chilled with liquid nitrogen. The frozen powder 
was then extracted with cold perchloric acid. After neutral- 
ization, the extract was analyzed by DEAE-Sephadex chroma- 
moge apy C2): 

* This value is based on a data and, therefore, represents 
Me6MPRP derived from 6MP. Me6MPRP derived from the Me6MPR pre- 
treatment was also present; based on OD measurement at 292 
Iu, the total Me6MPRP concentration was 152 mumoles per gram 
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from 6MP were about the same in treated and control mice. 

The total amount of 6MP converted into nucleotide in the 
livers of Me6MPR-treated mice was twice that of control mice. 
Thus, these data show that 6MP anabolism in mouse liver was 


also stimulated by pretreatment with Me6MPR. 


D. Effects of 6MP-Me6MPR Combinations on Glutamine-PRPP 

Amidotransferase 

Since the inhibition of glutamine-PRPP amidotransferase 
has been implicated in the antineoplastic effects of OMP 
and Me6MPR (37,63,102,103), the combined effects of these 
two agents on this enzyme was studied. In these experiments 
the activity of the amidotransferase was measured by the 
azaserine-induced accumulation of FGAR in intact tumor cells 
(135)... The drug. dosages used were iS anee the therapeutic 
range. In Experiment A of Table XXVI, the dosages of Me6MPR 
employed alone and in combination with 6MP, caused almost 
complete inhibition of the enzyme. In Experiment B, it is 
seen that inhibition of the enzyme by the combination of 
6MP and Me6MPR was less than that produced by Me6MPR alone. 
When a second drug treatment at the same dosage was given 
24 hours later, the inhibition of the enzyme by two drugs 
together was increased by 7% over that caused by Me6MPR 
alone, as seen in Experiment C. These data indicate that 
when 6MP and Me6MPR were used together, the inhibition of 
glutamine-PRPP amidotransferase was mainly caused by Me6MPR; 


the contribution of 6MP to this inhibition, if any, was minor. 
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TABLE XXVI 


Effect of 6MP and Me6MPR combinations on the glutamine-PRPP 


amidotransferase activity of EAC cells in vivo 


ee ee 


a rn i a ee 


| FGAR-l4¢ 
Dose (mumoles per Inhibition 
Treatment (umoles per mouse) gram cells) (3) 


—- 


Experiment A (Single drug treatment) 


Control (saline) 48.3 0 
6MP 3 18 a 63 
Me6MPR Lae strats 97 
6MP plus 3 

1.2 bea 98 


Me6MPR 


oe 


Control (sadine) se ial: 0 
6MP se ra 38.8 14 
Me6MPR 0.48 6.3 86 
6MP plus ie 

Me6MPR O48 10.8 76 


i LL A LR 


Experiment C (fwo drug treatments, 24 hours apart) 


Control (saline) 47.0 0 
6MP 1ai2% 7.8 62 
Me6MPR 0.48 . O12 86 
6MP plus i. 2 3.4 93 


Me6MPR 0.48 


NOTE: Tumor-bearing mice were injected ip, each with 0.5 
Ig azaserine**; purine analogues at the indicated dosages 
were injected ip into groups of 3 mice 30 minutes later. After 
a further 15 minutes, each mouse was injected with 2.5 umoles 
Sigea neste (uniformly labelled). One hour later, mice were 
killed, ascitic fluids from 3 mice in each group were pooled 
and tumor cells were extracted with perchloric acid. FGAR in 
the neutralized extracts was determined by the method of 
Henderson (135). 

* Dose per treatment. 

** In Experiment C, azaserine was injected in the second 


drug treatment. 
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E. Enhancement of 6MP Anabolism as the Basis of the 6MP- 

Me6MPR Synergism 

If the Me6MPR-induced enhancement of nucleotide syn- 
thesis from 6MP increased the toxicity of 6MP toward EAC 
cells, then it would be expected that a simultaneous treat- 
ment of EAC cells with 6MP and Me6MPR would be less effective 
than treatment in which the same dosages are given separately 
with Me6MPR administered 6 hours before 6MP. This would be 
expected from-results presented in a preceding section. In 
testing this idea experimentally, only single drug treat- 
ments could be used because Me6MPR phosphate, once formed, 
Wourdwoersist 1h the tumor cells; thus, the effect on tumor 
mass of single drug treatments, given 24 hours after tumor 
implantation, were measured. Figure 5 shows that tumor cells 
exposed to the separate drug treatments proliferated at a 
significantly slower rate than those that received the simul- 
taneous treatment. These data demonstrate a relationship 
between the Me6MPR-derived enhancement of nucleotide syn- 
thesis from 6MP (which also required prior Me6MPR treatment) 
and increased toxicity of 6MP toward EAC cells. Table 
XXVII presents the results of a similar experiment and 
shows that when an ineffective dose of 6MP was administered 
6 hours after Me6MPR, potentiation of the drug effects 
resulted. However, when the same doses of 6MP and Me6MPR 
were administered together, no potentiation occurred. From 
these data it is concluded that the enhanced toxicity of 


6MP toward tumor cells is apparently due to the Me6MPR- 
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DAYS AFTER IMPLANTATION 


FIG. 5. Growth of EAC cells after simultaneous or Sépa~ 
rate treatments with 6MP and Me6MPR. 


NOTE: 100 mice weighing 26-29 grams were implanted with 
FAC cells and randomly assigned to two equal groups. 24 
hours after implantation, mice in the first group were in- 
jected ip with 1.2 wmoles Me6MPR plus 6 umoles 6MP, and 
those in the second group were iniected ip with 1.2 umoles 
Me6MPR only. After 6 hours, mice in the first group re- 
ceived an ip injection of saline, and those in the second 
group received 6 ymoles 6MP. 


After the growth periods indicated above, 10 mice were 
withdrawn from each group and the mass of the ascitic cells 
was determined; averaged values are plotted above. 


Solid lines indicate simultaneous treatment and the 
broken lines separate treatment. Except for the first 
time point in Experiment A, the probability that the 
observed difference between two treatments occurred by 
chance was less than 5%, as calculated by Student's t- 
test. 
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TABLE XXVII 


_The importance of drug sequence in achieving therapeutic 


potentiation with the 6MP-Me6MPR combination 


RE a ES Ne A 9 ee 


Average mass of Number of 


First Second packed cells per tumor cell 
ereaementt treatmenttt mouse (grams) doublingstt 
NaCl Nacl JAS 0 Th ee We ee ie A) 6 Fn 6.6 
6MP NaCl eos, 0,59" (10) Om 
Me6MPR Nacl ead 2 0 so3eCL 0} ons 
6MP plus 

Me6MPR Nacl Dev Ooo GLO) 520 
Me6MPR 6MP On 55s, OV Lie 0} 4,5 


en a nn a a 


NOTE: Mice (25-28 grams) received the first treatment 24 
hours after tumor implantation and 6 hours later received 
the second treatment. The mass of tumor was measured 6 days 
after treatment. 

The probability that the observed difference between simul- 
taneous and separate treatments with 6MP and Me6MPR occurred 
by chance was less than 1%, as calculated by Student's t-test. 

* Standard deviation. 

** Number of mice. 

+t Dosages of drugs (ymoles per mouse per treatment) were 
Asp toLLows:, MeGMPR, 1.2; ° 6MP,. 6. 

(eeerculated by method of jPainney et. al. (131). 
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induced stimulation of 6MP anabolism and that this is prob- 
ably the basis for the 6MP-Me6MPR therapeutic potentiation. 
Paterson and Moriwaki (8) have shown that 6MP and 
Me6MPR are therapeutically potentiating in the treatment 
of mouse lymphoma L5178Y. If the enhancement of 6MP ana- 
bolism by Me6MPR is truly a cause of the synergism, one 
could expect that 6MP anabolism would also be enhanced by 
MasMPRein L5l78Y cells. -Ithas sshown in Table AxXViIid that 
the in vivo formation of nucleotides from 6MP in these 


Lymphoma cells was indeed enhanced by Me6MPR. 
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TABLE XXVIII 


Effect of Me6MPR on nucleotide synthesis from 6MP in L5178Y 


lymphoma cells in vivo 


Labelled nucleotides 
(mumoles per gram cells) 


First Second 
treatment* treatment* 6MP RP Me6MPRP TXMP Total 
14 
6MP 6MP-8-" °C 43 9 28 82 
14 


6MP plus 6MP-8- "C 


Me 6MPR plus Me6MPR ee a mS 


NOTE: The first drug treatment was given on the 6th day 
after tumor implantation and the second was given 24 hours 
later. Mice were killed 2 hours after the second drug treat- 
ment and tumor cells from 5 mice in each group were pooled 
and extracted with perchloric acid. The extracts were then 
analyzed for individual nucleotides by DEAE-Sephadex chroma- 
tography (121), or for total labelled nucleotide by paper 
chromatography in solvent A, as described in MATERIALS AND 
METHODS. 

* Dosage of 6MP (or 6Mp-8-*4c) was 1.1 umoles per mouse, 
that of Me6MPR was 0.4 umoles per mouse. 
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IV. DISCUSSION 


A. Combination Chemotherapy 


Purine analogues have been used in conjunction with 
various kinds of drugs in the treatment of neoplastic dis- 
ease, both experimental and human (1,136,137). Among these 
analogues, 6MP undoubtedly has drawn the most attention 
because it is effective against a wide spectrum of experi- 
hedusy tumors (12), and because it has the ability to induce 
remissions in human leukemia (1,14). In a number of in- 
stances, combination treatments involving 6MP have produced 
therapeutically potentiating effects. Concomitant use of 
6MP and the glutamine antagonists, azaserine |or 6-diazo-5- 
A ee aksuedhi® (DON), against experimental tumors are well- 
known examples of drug combinations that elicit synergistic 
growth inhibitory effect (5,138-142). As another important 
‘example of drug effects that cooperate, the xanthine oxidase 
inhibitor, HPP, has been shown to potentiate the inhibition 
of Adenocarcinoma 755 by 6MP when these drugs are used toge- 
ther (4). The concurrent use of 6MP and prednisone in the 
treatment of acute lymphatic leukemia of childhood hasnpro-— 
duced significantly higher rates of complete remission than 
would be expected from use of these drugs individually (1). 

The present work has demonstrated that combination 
treatment of the Ehrlich ascites carcinoma with Me6MPR and 
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6MP resulted in a distinct potentiation of therapeutic 
effects. When these drugs were administered at low, non- 
toxic doses to mice bearing the Ehrlich ascites carcinoma, 

a high proportion of mice survived, apparently cured, whereas 
treatment with the individual drugs alone at the same dosages 
prolonged the survival time only slightly. Synergism with 
this drug pair was also demonstrated by direct measurement 

of tumor mass or volume. These results are very similar to 
other obtained with combinations of glutamine antagonists 

and 6MP in the treatment of Ehrlich ascites carcinoma (5), 
leukemias L1210 (141,142) and L5178Y (141,142) and Sarcoma 
180 (139). AS will be discussed later, the biochemical 

bases of the therapeutic potentiation produced by 6MP-Me6MPR 
and by 6MP-azaserine (or DON) have some similarities. 

It should be noted that in this work the potentiation 
resulting from the use of Me6MPR and 6MP in combination was 
demonstrated primarily by the production of long-term sur- 
vivors, which is a qualitative criterion. The measurement 
or demonstration of synergism is further complicated by the 
contribution of the host in combating the tumor (143). [It 
is likely that the host immune response may be involved in 
the final elimination of small numbers of tumor cells not 
killed by antitumor agents, because "cured" mice from such 
experiments have been found immune to reimplantation with 
the Ehrlich ascites mavictiertchnen ke 
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43 A.R.P. Paterson, personal communication. 
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Thus, use of the survival-time criterion in this, par- 
ticular system does not provide a rigid demonstration of 
results of the drug combination as "synergistic", according 
to the definition given above. However, when dosages of 6MP, 
which by themselves were without significant effect, were 
combined with Me6MPR (Table VI), the reduction in. wcumor vio.L— 
umes recovered from the treated animals was distinctly 
Beg an that achieved by using MeéMPR alone «This ,in= 
dicates that the two drugs do, indeed, act in a synergistic 
Manner against the Ehrlich ascites carcinoma. If 6MP and 
Me6MPR acted in an additive manner, one could expect that 
when an ineffective dosage of 6MP was used together with 
Me6MPR, the result would not be better than that produced by 
Me6MPR alone. Furthermore, Paterson and Moriwaki (8) have 
shown that cultured L5178Y lymphoma cells are synergistically 
inhibited by the Me6MPR-6MP combination, indicating that 
synergism can be elicited in the absence of host factors. 

In the latter studies, isobolic plots (as described by 
Hitchings (138)) were used to demonstrate that the cultured 
lymphoma cells were inhibited synergistically, not additively. 
In the same work it was also shown that L5178Y.cells were 
inhibited synergistically in vivo by the 6MP-Me6MPR combin- 
ation. 

Independently, Schabel et al. (7) have demonstrated 
that therapeutic potentiation takes place when Me6MPR and 
6MP are used in combination in the treatment of mouse leuk- 


emiaiL1210..;in their, work,..synergism,was demonstrated with 
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a method which estimates the fractional kill of cells from 
the experimental parameter, extension of survival time. 
This method is based on the knowledge that the lethal cell 
burden (for L1210 cells in the BDF) mouse) is 10? cells, 
and assumes that drug treatment kills a constant proportion 
of cells instantly and that the surviving cells proliferate 
at the same rate as untreated cells; with this method, the 
ea saa co of cells killed by a drug dose is estimated by a 
graphical procedure. Schabel et al. showed that a combina- 


tion of Me6MPR and 6MP, each at 50% of LD killed a higher 


Ue 
proportion of L1210 cells than did the individual drugs ad- 
ministered at the LD, 9 dosage. Their data also indicate that 
the fraction of cells killed by the above combination is 
greater than that expected from the sum of the individual 


drug effects, at LD dosages. 


10 
Thus, the synergism resulting from the combination of 
6MP and Me6MPR has been demonstrated in different tumor 
‘systems with different methods. At this point, one may ask 
whether combination treatment is really therapeutically bene- 
fact ala sto the tumor-bearing host. It is readily appreciated 
that the therapeutic value of a given combination treatment 
depends upon whether the result is better than the maximal 
effects ofithes individual’drugs, within’ ‘the’ limits of toler- 
able toxicity; in other words, if the potentiation of anti- 
tumor activity is accompanied by a substantial increase in 


host toxicity, the therapeutic advantage may be nullified. 


The latter view is well exemplified by the combination 
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treatment of L1210 leukemia with amethopterin and 6MP: even 
though preliminary studies by Skipper et al. (144) showed 
that the drugs in combination produced effects greater than 
those produced by either drug alone, Goldin et al. (145) 
found that this drug combination exerted a synergistic 
toxicity, toward host animals. When treatment effects at 
fixed levels of host toxicity were compared, no synergism 
could be seen. Again, potentiation in the therapeutic 
sense is well exemplified in the work of Schabel et al. 
(7), who showed that at LD, q dosages, combination treat- 
ment with Me6MPR and 6MP prolonged the survival time of 
L1210-bearing mice to a greater extent than did individual 
drugs. The present work was mainly concerned with the bio- 
Chemical basis of the potentiation of drug effects and no 
attempts have been made to optimize the dosages to prove 
that the combination has therapeutic gain. 

It is apparent in the treatment of 4—- and 7-day Ehrlich 
tumors (Tables VII and VIII) that the toxicity of the drug 
combination toward the tumor-bearing host limited in a very 
real way the therapeutic benefit that could be derived from 
treatment; however, this host toxicity aid not entirely 
counterbalance the potentiative effect produced by the con- 
comitant use of 6MP and Me6MPR. In these experiments, the 
combination of 6MP and Me6MPR at 32 and 20 ng/kg, respect— 
ively, killed 80% of the tumor-bearing mice, although these 
doses were only about 40% of the LD, 9 for tumor-free mice; 


these drugs individually at the same dosages killed not more 
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than 10% of tumor-bearing mice. At one half of the above 
dosages (i.e., at about 20% of LDj 9) these drugs in combin- 
ation produced (without lethal effects toward the host mice) 
a higher proportion of long-term survivors than did the 
individual drugs alone at doses which ranged approximately 
from 10-100% LDj9 (for tumor-free mice) (Table VIII). 

These data suggest combination therapy with 6MP and 
Me6MPR may have clinical usefulness; indeed Bocey et al. 
(9) have employed this treatment against acute myelogenous 
leukemia in adults and the results seem to be better than 


those obtained with 6MP alone, although more data are needed 


to prove this point. 


B. Mechanism of the Synergism 
&s Biochemical transformation of the drugs involved 

It is known that the conversion of 6MP and Me6MPR to 
their respective nucleotides is an essential step before the 
manifestation of the antitumor activities of these drugs Cave; 
63,99,100). Intuitively, one would suppose that this con- 
version would also be essential for production of the syner- 
gism with the combination treatment. However, since both 
the 6MP and Me6MPR per se produce certain biochemical effects, 
as has been mentioned in the introduction, the possibility 
exists that these might be an essential part of the mechanism 
of the synergism. If this was true, then the synergism 
might be produced without "activation" of 6MP or Me6MPR. 


This possibility has been excluded by experiments in whcih 
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the combination of drugs failed to produce synergism against 
thiopurine-resistant tumors which have defects in converting 
either 6MP or Me6MPR to nucleotides. Hence, it is concluded 
that formation of drug nucleotides is an obligatory step in 
the manifestation of the synergism. 

2. Enhancement of 6MP anabolism by MeeNPR 

Since the formation of drug nucleotides was found to 
be an obligatory step in manifestation of the 6MP-Me6MPR 
synergism, this process was studied in EAC cells that had 
been exposed to both agents. It was found that phosphoryl- 
ation of Me6MPR was not affected by 6MP, whereas the syn- 
thesis of nucleotide from 6MP was strongly stimulated by 
Me6MPR. The phosphorylation of the latter was evidently 
essential to the enhancement of 6MP anabolism because nuc~ 
leotide synthesis from 6MP in EAC-R2 tumor cells was not 
significantly elevated by Me6MPR. These tumor cells are 
not able to phosphorylate Me6MPR. There are several possible 
mechanisms by which Me6MPR phosphate might stimulate nucleo- 
tide synthesis from 6MP: 

a) Activation of hypoxanthine-guanine phosphoribosyl- 
transferase: Hori et al. (146) reported that certain nat- 
urally-occurring nucleotides stimulated the activity of 
adenine phosphoribosyltransferase. This observation raised 
the possibility that Me6MPRP might hes 6MP anabolism by 
acting as an allosteric effector of hypoxanthine-guanine 
phosphoribosyltransferase. However, time course studies 


indicated that after injection of Me6MPR, the maximal stimu- 
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latory effect of Me6MPR came later than the time at which 
maximum concentrations of Me6MPR phosphate were reached. 

b) Reduction of catabolism of 6MP nucleotide: Thio- 
inosinate. is formed rapidly in Ehrlich ascites cells, but 
has a transitory existence only. The data of Paterson (54) 
suggest thioinosinate has a half life of anout. Ll hour, in 
these cells. Thioinosinate may be dephosphorylated by the 
5'-nucleotidzse of these cells (147). rt is possible that 
Me6MPR phosphate might act as a substrate analogue and 
thereby decrease the catabolism of thioinosinate. Such a 
possibility does not seem likely for the reasons stated 
above in (a). Furthermore, time course studies (Figure 4) 
show the rate of disappearance of 6MP nucleotide Cid not 
proceed at a lower rate in Me6MPR-treated cells than in 
untreated cells. 

c) Increase in the amount of hypoxanthine-guanine 
phosphoribosyltransferase: If Me6MPR treatment derepressed 
the synthesis of this enzyme, then the rate of conversion of 
6MP to nucleotide would be increased. However, it was found 
that in the extracts of Me6MPR-treated and untreated ascites 
tumor cells, the activities of the enzyme were similar. An 
analogous conclusion has been reached by Paterson (148) in 
his studies of the stimulatory effect produced by 6MP pre- 
treatment on 6MP anabolism in Ehrlich ascites tumor cells 
in vivo. 

ad) Increased PRPP availability: Since the synthesis 


of thioinosinate requires PRPP, it is possible that PRRP 
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availability might ordinarily limit the rate of thioinosinate 
formation. The possibility was considered that an increased 
aveailebiiaty Ot PRPP wollta* occur’ in’ the presence of Me6MPR 
phosphate because the latter is a potent inhibitor of gluta- 
Pevelpaerlanihd trHASPerise. There are several pieces of 
evidence to support the idea that 6MP anabolism was stimu- 
lated by this mechanism: (i) the PRPP level in Me6MPR- 
treated tumor cells was increased several-fold over that in 
control ceri sheneis the elevation of PRPP levels in tumor 
cells (which had been treated with one dose of Me6MPR) co- 
incided in time with the intracellular occurrence of Me6MPR 
phosphate and with the enhancement of 6MP anabolism, (iii) 
other reactions that utilized PRPP, such as the synthesis of 
adenylate from adenine, were enhanced by pretreatment with 
Me6MPR, (iv) adenine abolished completely the stimulatory 
effect of Me6MPR, apparently by competing for PRPP, and (v) the 
availability of PRPP was found to be a rate-limiting factor 
for 6MP nucleotide synthesis in Ehrlich ascites tumor cells. 
Although an increase in the availability of _PRPP could 
reasonably result from blockage of the PRPP-consuming reaction 
of purine synthesis de novo, it is recognized that Me6MPR 
could possibly exert this effect by another mechanism. It 
has been rasdetea that a number of nucleotides, particularly 
ADP, inhibited partly purified preparations of PRPP synthetase 
(155,156). Treatment of Fhrlich ascites tumor cells with 
Me6MPR leads to a decrease in intracellular concentrations 


of ADP, and amp? and hence might release the synthetase 


16 3.mM. Oliver, unpublished results. 
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from inhibitory actions of these compounds. 

In addition,it should be noted that while increased 
availability of PRPP appears to be a possible basis for the 
enhancement of 6MP anabolism, another factor may also be 
involved in this respect. Guanine and hypoxanthine nucleo- 
tides are known to inhibit the activity of the hypoxanthine- 
guanine phosphoribosyltransferase (6G 133.154) . and st inhibi 
tion of purine synthesis de novo reduced intracellular concen- 
trations of these compounds, as might be expected, an increase 
i the activity of tne phosphoribosyltransferase might result 
with a consequent increase in the rate of 6MPRP synthesis. 

3. Enhancement of €MP anabolism as a cause of synergism 

One of the possible.mechanisms by which synergistic 
effects might result from the use of drugs in combination is 
through alterations in the metabolism and distribution of 
the drugs employed (436). Lt is readily appreciated ,that 
drug concentration in the target Seliura a critical factor 
in the achievement of a drug effect. It is also known that 
certain drugs, for example, the purine analogues, must be 
converted to "active" forms to produce their effects: ion. the 
other hand, cellular detoxication mechanisms compete with 
activation processes by converting drugs to inactive forms. 
Thus, the effect of a given drug could be enhanced by a 
second agent in several ways. The entrance of 4 drug into 
cells or into an intracellular compartment might. be acceler- 
ated by the presence of another drug, or the loss of drug 


from these might be prevented by changes in the intracellu- 
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lar environment (such as pH changes) caused by the second 
agent. Activation of a drug could be enhanced, or inactiva- 
tion of a drug could be prevented, by a second agent. 

The generally accepted idea that the synthesis of nuc- 
leotide from 6MP is an essential step for the antitumor 
activity (99,100) suggests that the enhancement of 6MP nuc- 
leotide formation by Me6MPR might possibly be a basis of 
the observed synergism. It was found in single dose treat- 
ments of the Ehrlich ascites carcinoma that both enhancement 
of the drug nucleotide formation and the potentiation of the 
drug effect required prror treatment, of the cells with Me6MPR, 
suggesting that these two effects are related... In addition, 
enhancement of 6MP anabolism ae also been seen cD VMS BS Is 
cells, which are also synergistically inhibited by 6MP and 
Me6MPR. Mouse leukemia 11210 is another type of tumor cell 
which responds synergistically to chemotherapy with. the 6MP- 
Me6MPR pair; it is not known whether 6MP anabolism in L1210 
cells is enhanced by Me6MPR, although it has been shown that 
6MP nucleotide synthesis in these cells is increased by 
prior treatment with 6Mp It would appear that this 6MP- 
pretreatment effect occurs by a mechanism similar to that 
described above for the Me6MPR pretreatment effect, Cilge ako, 
Me6MPR phosphate derived from 6MP anabolism an -thesLigl 0 
cell (35) may very well be responsible for the enhacement. 
The fact that single, simultaneous treatments efethe L220 


leukemia in vivo with 6MP and Me6MPR failed to produce a 


17 M.L. Meloni and W.1I. Rogers, personal communication. 
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potentiating effect (7), is in agreemtn with the observation 
obtained with EAC cells that on such treatment 6MP anabolism 
was not increased and the potentiation of drug effects was 
not produced. 

From the foregoing considerations, it is concluded that: 
the Me6MPR-induced enhancement of 6MP anabolism is likely to 
be a cause of the synergism produced by the combined use of 
these Grugs in chemotherapy. The biochemical basis of this 
Synergism may be similar in part to the synergism found with 
the 6MP (or 6-thioguanine): glutamine analogue combinations. 
The early steps of purine biosynthesis de novo are strongly 
inhibited by the glutamine antagonists and in cells treated 
with these agents the conversion of 6MP (or 6-thioguanine) 
to nucleotide is enhanced (54,119,149). The therapeutic 
potentiation produced by the combination of 6-thioguanine 
and Me6MPR against mouse leukemia L1210 (150) may also have 
a similar biochemical basis to that presently described. 

It should be noted that although the enhancement of 
6MP anabolism is the probable cause of the synergism, such 
an increase would not necessarily ensure manifestation of 
the synergism, This is because mechanisms of 6MP resistance 
can operate not only to frustrate 6MP activation, “but also 
at subsequent stages concerned with the actiongof 6MPRP. For 
example, 6MP-resistant lines of Adenocarcinoma 755 and E. 
coli retain the ability to synthesize 6MPRP (2725.6 pF fantthe 
latter instance, resistance was attributed to the ability 


of the bacterial cells to dethiolate 6MPRP to form IMP (27). 
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For these reasons, the fact that ETGRI subline was resistant 
to therapy with the 6MP-Me6MPR combination, even though nuc-— 
leotide synthesis from 6MP was enhanced by Me6MPR, is not 
contradictory to the conclusion that Me6MPR-induced enhance- 
ment of 6MP anabolism is a probable cause of the synergism. 

Since the enhancement as 6MP anabolism is associated 
with an increase in 6MP toxicity to the tumor cell, it might 
be asked whether a similar relationship existed at the host 
level and whether the Me6MPR effect on 6MP anabolism also 
eae in normal cells. In this connection it was found that 
Me6MPR did, in fact, stimulate nucleotide synthesis from 6MP 
in mouse liver. Although no other tissues were examined in 
the present work, it is possible that in other normal tissues 
this same effect would occur; in this connection, Henderson 
and Mercer (117) have reported that Me6MPR inhibited purine 
synthesis de novo in various mouse tissues in vivo. These 
considerations suggest that the combination of 6MP ceuld poty 
entiate host toxicity. The striking host toxicity produced 
by the 6MP-Me6MPR combination in the experiments of Tables 
VII and VIII might be due in part to a stimulation of 6MP 
anabolism in normal tissues. However, the Pty! PSEA o£ 
host toxicity does not necessarily mean that therapeutic gain 
will not be obtained by the combination of drugs. 

This work is concerned only with the mechanism of the 
synergism, and does not indicate what biochemical effects 
produced by the drugs in combination are responsible for the 


lethal effects towards tumor cells. 
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Since the inhibition of glutamine-PRPP amidotransferase 
has been implicated in the antineoplastic effects of both 6MP 
and Me6MPR (37,63,102,102), one may imagine that the thera- 
peutic potentiation might arise if this enzymatic activity 
was inhibited in a synergistic manner by these drugs. How- 
ever, it was found that inhibition of the amidotransferase 
in Ehrlich ascites cells caused by therapeutic dosages of 
Me6MPR, was not increased significantly by Jcddiéd bine PEE 
ment with 6MP. Avelnnooite has found that thioinosinate, not 
only did not inhibit a partly purified preparation of the 
amidotransferase from the EAC cells, but actually antagonised 
the Me6MPR phosphate inhibitory effect. 

Thus, inhibitory effects in addition to those at the 
amidotransferase site should be considered. In studies on 
the combination treatment of lymphoma L5178Y cells in culture, 
Paterson and Moriwaki (8) have found that Me6MPR reduced pie 
proliferation rate of these cells, but dtdpnoteakiltitbhembutin 
contrast, when 6MP was present in the culture medium the 
proliferation rate of the lymphoma cells progressively de- 
clined and the cells were killed in a time-dependent manner. 
6MP alone, or in combination with Me6MPR showed a "delayed" 
toxic effect in these experiments; accordingly, it is possi- 
ble that this lethal effect was caused by incorporation of 
6MP, or its metabolites, into polynucleotides (see also sec- 
tion IBl1d) and that this effect of 6MP was augmented by 
Me6MPR through the enhancement of 6MP anabolism. Other 


studies currently in progress in this laboratory have shown 
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that 6MP therapy also produces a delayed toxic effect on the 
proliferation of Ehrlich ascites tumor cells in vivo! and in 
atieare | 

The various inhibitory effects of thioinosinate in the 
area of nucleotide metabolism may also be important in the 
mechanism of the synergism, in view of the reported utili- 
gation by tumor cells of "oreformed" purine bases derived 
from other tissues (151). The utilization of preformed bases 
constitutes an alternative to the “de™movo” ie are there= 
fore, affords a means of circumventing antimetabolite block- 
ages on the latter route. Thioinosinate derived from 6MP 
would be expected to inhibit utilization of preformed 
purines through inhibition of purine nucleotide intercon- 
versions, and, again, this effect could be amplified by the 
Me6MPR stimulation of thioinosinate synthesis. 

In conclusion, the enhancement of 6MP anabolism appears 
to be related to the observed therapeutic potentiation, but 
what biochemical effect produced by drugs in combination 
are responsible for the tumorcidal action is a matter that 


remains to be elucidated. 


ig L.J. Fontenelle, unpublished results. 
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V. SUMMARY 


Thioinosine had only rina? inhibitory effects on growth 
of the Ehrlich denlees carcinoma even when dosages were the 
molar equivalent of highly inhibitory 6MP dosages. However, 
when thioinosine was combined with Me6MPR, a distinct poten- 
tiation in therapeutic effect occurred. Evidently, 6MP was 
derived from 6MPR in achieving this syh@rg fart: tee formation 
of the free base from Me6MPR was not involved, because Meé6MP 
did not potentiate the antitumor activities of either 6MP or 
6MPR. 

Potentiation in growth sapere oi resul fing *from “the 
combination of 6MP with MeSMPR was demonstrated by parser ses 
the effects of drug treatments on tumor cell mass for yor 
ume) and on the survival times of tumor-bearing mice. The 
drugs in combination were synergistic, not only when chemo- 
therapy was begun 24 hours after tumor implantation, but 
also when 4- and 7-day tumors were treated. 

The combination treatment did not prolong the survival 
time of mice implanted with any of several CitLopuLrire= 
resistant tumors; the latter had defects in the conversion 
of either 6MP or Me6MPR to their respective nucleotides, 
which are believed to be the "active" forms of these agents. 
From these findings it was concluded that nucleotide deriv- 
atives of both agents must be formed before the potentiation 
in therapeutic effect is manifested. 
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Experiments were undertaken to determine whether one 
member of the synergistic pair influenced the metabolism of 
the other. It was found that Ehrlich ascites tumor cells 
that had been pretreated in vivo with Me6MPR had an increased 
ability to synthesize thioinosinate from a test dose of 6MP. 
On the other hand, pretreatment with 6MP did not enhance the 
phosphorylation of Me6MPR in these cel ls.o.Dt.wass suspected 
that the enhancement of 6MP anabolism might be the basis for 
the therapeutic synergism. However, when the two drugs were 
injected simultaneously into the ascitic fluid of EAC-bearing 
mice to simulate combination chemotherapy, the synthesis of 
6MPRP from the administered 6MP was not enhanced. This. 
apparent contradiction was resolved when it was rbadi zed 
that a time interval was required for manifestation of 
the Me6MPR effect. This became apparent when it was shown 
that one treatment with the drug combination stimulated the 
anabolism in the tumor cells of the 6MP component of the 
next following drug treatment. The phosphorylation of Me6MPR 
was not enhanced in this situation. Subsequent experiments 
showed that this stimulatory effect of Me6MPR was maximal 
between 6 and 12 hours following pretreatment and was sur- 
prisingly long-lived, persisting up to [Ge hour’ with, lattLle 
reduction. 

The persistence of the stimulatory effect of Me6MPR 
correlated with the low turnover of Me6MPR 5'-phosphate in 
these cells. From these findings it appeared that the pres- 


ence of Me6MPR 5'-phosphate in the tumor cells was responsi- 
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ble for the enhancement of 6MP anabolism. In agreement with 
these ideas it was) found! that in cells of the EAC-R2 subline 
(selected for resistance to Me6MPR and deficient in adenosine 
kinase) the synthesis of nucleotide from 6MP was not enhanced 
by Me6MPR pretreatment. | 

Me6MPR othe no aee did not enhance the anabolism of 6MP 
by increasing. the concentration of the phosphoribosyltrans- 
ferase that catalyses the PRPP-dependent synthesis of 6OMPRP. 
Judged by the results of time course experiments, it appeared 
that this enzyme was not activated, or that 6MPRP breakdown 
was not inhibited, by the presence of intracellular pools of 
Me6MPR 5'-phosphate. It was found that, following injection 
of Me6MPR into the ascitic fluid of EAC-bearing mice, the | 
maximum stimulatory effect on 6MP anabolism in the tumor cells 
came several hours after maximum concentrations of Me6MPR 5'- 
phosphate were achieved. 

Several pieces of evidence suggest that Me6MPR phosphate 
stimulates 6MP nucleotide synthesis by blocking glutamine- 
PRPP amidotransferase, thereby increasing the availability of 
PRPP for 6MPRP synthesis: (a) the concentration of PRPP in 
the ascites tumor cells was elevated 10-25 times by Me6MPR 
pretreatment, (b) the elevation of PRPP levels in the tumor 
cells was coincident with the presence of Me6MPR phosphate in 
the tumor cells and with the Me6MPR-enhancement of 6MP ana- 
bolism; all three effects persisted for more than 95 hours, 


(c) other PRPP-requiring reactions were stimulated by Me6MPR 


pretreatment, (da) adenine, when administered together with 
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6MP, prevented the Me6MPR stimulatory effect on.6MP nucleo- 
tide synthesis, (e) availability of PRPP is ordinarily a 
rate-limiting factor for the synthesis of nucleotide from 6MP. 

In agreement with the above ideas, Me6MPR administered 
by intravenous injection enhanced 6MP nucleotide synthesis in 
mouse liver; the glutamine-PRPP amidotransferase activity of 
this tissue is known to be inhibited by Me6MPR treatment in 
vivo. 

A correlation was demonstrated between the two Me6MPR 
effects, the enhancement of 6MP anabolism and the potentia- 
tion of the antitumor activity. In inhibition of tumor cell 
proliferation in vivo, single simultaneous treatments with 
6MP and Me6MPR were less effective than one treatment with 
Me6MPR, followed 6 hours later by a 6MP treatment. This 
result is consistent with the BLUAYT at don mentioned above, 
that Me6MPR treatment of ascites cells does not enhance 6MP 
anabolism unless it precedes the test doses of 6MP. 

In other studies from this laboratory it has been shown 
that 6MP and Me6MPR synergize in inhibiting the proliferation 
of L5178Y lymphoma cells in vivo and in culture. In the 
present studies, it was found that nucleotide synthesis from 
6MP in L5178Y cells was also enhanced by Me6MPR pretreatment. 

When 6MP and Me6MPR were injected together into the 
ascitic fluids of tumor-bearing mice, the inhibition of 
glutamine-PRPP amidotransferase was not significantly greater 
than that produced by Me6MPR alone. Thus, inhibition at 
loci other than the amidotransferase are probably involved 


in the mechanism of the synergism. 
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